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PREFACE 


During  World  War  I the  Bureau  of  Standards 
cooperated  with  the  Navy  Department  and  especially 
with  the  Naval  Proving  Grounds  in  developing  instru- 
ments for  making  interior  ballistic  measurements  on 
major  caliber  guns.  Some  of  these  instruments  were 
used  to  make  measurements  during  the  firing  of  the 
primary  batteries  of  several  battleships.  Much 
useful  data  was  obtained  in  this  way,  but  most  of 
this  work  was  done  during  the  structural  firing 
tests  of  new  battleships  when  the  program  was 
necessar ially  dictated  by  the  requirements  of  the 
structural  tests.  At  the  close  of  the  war,  the 
Navy  and  the  Bureau  of  Standards  arranged  a more 
favorable  test  of  instruments . 

These  instruments  had  been  designed  for  use 
in  making  measurements  on  a 14-inch  gun,  and  the 
work  and  expense  of  firing  such  guns  was  such  that 
proving  ground  tests  using  such  a gun  were  not 
considered  during  the  War.  When  War  I stopped,  a 
14"-50  caliber  gun  that  needed  to  be  relined  was 
available;  large  quantities  of  powder  were  in  stock 
which  could  not  be  kept  many  years;  and  suitable  naval 
personnel  could  be  assigned  to  operate  the  gun.  These 
conditions  favored  the  cooperation  of  the  Navy.  More- 
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over  several  of  the  scientists  who  had  been  with  the 
Bureau  of  Standards  during  the  development  of  the 
ballistic  instruments  had  taken  jobs  with  the  Navy, 
and  willingly  accepted  temporary  duty  with  the  Bureau. 
Hence  a proving  ground  test  was  started  on  October  26, 
1923  . 

The  S5  page  report  is  entitled:  ’’The  Correlation 

of  Diverse  Ballistic  Records”.  This  report  gives  the 
times  at  which  the  projectile  passes  certain  planes  as 
it  moves  down  the  gun  barrel,  the  times  of  definite 
amounts  of  recoil  and  the  pressure  as  a function  of 
time  both  on  the  breech  of  the  gun  and  in  the  recoil 
cylinders.  It  was  expected  that  with  this  data  the 
friction  between  the  gun  and  the  projectile  could  be 
determined,  if  only  approximately.  To  make  this 
possible,  the  differential  equation  involving  motion 
of  the  gun,  projectile  and  powder  was  solved.  This 
solution  involved  the  assumption  that  the  burning 
powder  could,  at  any  instant  be  treated  in  the  barrel 
as  a gas,  with  a uniform  density  over  each  cross-section 
and  an  axial  density  gradient  proportional  to  the 
pressure.  This  treatment  was  appropriately  extended 
to  include  the  pressure  in  the  enlarged  power  chamber 
and  in  the  truncated  cone  connecting  the  powder  chamber 
to  the  barrel.  The  resulting  equations  are  more 
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difficult  to  use  than  the  empirical  equations  then 
employed  in  most  ballistic  computations,  and  did  not 
fit  the  data  any  better  ,pprhaps  because  of  the  un- 
satisfactory measurements  of  pressure. 

With  the  outbreak  of  World  War  II,  the  data  was 
again  analyzed  by  Dr.  Snow.  He  prepared  a paper 
entitled:  "Numerical  Test  of  the  Ballistic  Equations 

of  the  Dahlgren  Firing  of  1923”,  C.  Snow  (1S24)  . 

This  paper  seems  worth  including  in  this  collection, 
and  a photostat  copy  will  be  supplied  to  both  the  Army 
and  the  Navy  for  their  copies. 

In  the  Bureau  of  Standards  volume  there  will  also 
be  bound  two  manuscripts  which  are  not  elsewhere  preserved 
and  which  are  closely  related  to  the  above.  The  first  is 
a mathematical  study,  entitled"The  notion  of  a Rotating 
Projectile.  A Preliminary  Study  by  Prof.  H.  C.  Richards 
in  1918”.  It  is  entirely  mathematical.  The  second  is 
entitled:  "Report  of  Observations  made  by  H.  L.  Curtis 

on  a trip  to  France  and  England  during  April,  May  and 
June  1919".  The  trip  was  made  at  the  request  of  the  Navy 
and  only  matters  connected  with  ballistics  are  included. 
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PREFACE 


The  experiment  covered  by  this  report  was  undertaken  con- 
jointly by  the  Bureau  of  Standards  and  the  Naval  Research  Labora- 
tory with  the  cooperation  of  the  Naval  Proving  G-round  at  Dahlgren, 
Virginia.  • In  preparing  the  report  an  effort  has  been  made  to 
describe  the  work  and  give  the  results  in  sufficient  detail  to 
be  comprehensive  without  allowing  the  more  important  features 
to  be  lost  in  a maze  of  data.  A short  list  of  those  members  of 
the  three  organizations  referred  to  above  most  closely  connected 
with  the  several  phases  of  the  work  follows: 


H.  L.  Curtis 
H.  H.  Moore 

C . Snow 

L.  T.  E.  Thompson 
a.  H.  Sellman 

R.  A.  webster 

W.  J.  Rooney 


Bureau  of  Standards, 

Planning  and  Direction. 

Naval  Research  Laboratory, 

Development  of  Apparatus, 

Operation  of  Laboratory. 

Bureau  of  Standards, 

Development  of  Mathematical 
Formulas  for  Analysis. 

Naval  Proving  G-round,  Dahlgren,  Va. 

Collection  of  Data,  Calibration, 
Operation  of  Camera. 

Naval  Research  Laboratory, 

Recording  Apparatus, 

Photography . 

Naval  Research  Laboratory, 

Installation  & Operation  of  Recoil- 
meters,  Powder  Pressure  Gages,  and 
Recoil  Cylinder  Pressure  Gage. 

Bureau  of  Standards, 

Operation  of  Apparatus  for  Velocity 
Measurements.  Analysis  of  Data  and 
Preparation  of  Report. 
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THE  CORRELATION  OF  DIVERSE  BALLISTIC  RECORDS 

REPORT  ON  EXPERIMENTAL  FIRING 
OF 

14”-50  Cal.  Gun 
at 

THE  NAVAL  PROVING  GROUND 
DAHLGREN , VA. 

OCT.  26-30,  1923. 

I.  Introduction 

1.  Purpose  and  History 

During  the  past  seven  years  the  Bureau  of  Standards,  on 
behalf  of  the  Bureau  of  Ordnance,  Navy  Department,  has  con- 
ducted a series  of  investigations  of  the  performance  of  large 
naval  guns  both  on  shipboard  and  at  the  Naval  Proving  Grounds. 

In  the  course  of  these  investigations  a number  of  new  methods 
of  measurement  and  types  of  apparatus  have  been  tried  out  and 
developed.  The  details  of  the  development  and  the  results 
obtained  by  the  use  of  the  different  instruments  are  contained 
in  reports  already  submitted  covering  experimental  firings  on 
the  Arizona,  Mississippi,  New  Mexico,  and  Tennessee,  and  at  the 
Proving  Grounds  at  Indian  Head  and  Dahlgren.  Upon  the  establish- 
ment of  the  Ballistic  Section  of  the  Naval  Research  Laboratory, 
the  apparatus  was  taken  over  by  that  section  with  the  intention 
that  the  major  part  of  the  experimental  ballistic  program  should 
henceforth  be  conducted  there.  Before  completing  the  transfer, 
however,  it  seemed  desirable  to  add  to  the  work  already  done  a 
more  comprehensive  experiment  covering  as  many  as  possible  of 
the  ballistic  factors  involved,  for  the  purpose  of  correlating 
the  results  of  the  measurement  of  the  different  individual  factor 
and  comparing  the  accuracy  and  applicability  of  diverse  methods 
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for  the  determination  of  a given  factor. 

The  value  of  such  correlation  and  comparison  is  twofold. 

It  not  only  provides  the  most  searching  kind  of  a test  of  the 
accuracy  of  a particular  instrument  but  also  establishes  the 
relative  value  of  different  methods  of  measurement  with  refer- 
ence to  the  general  problem  of  gun  behavior.  Consequently  such 
an  experiment  might  be  expected  to  indicate  just  what  combination 
of  measurements  is  likely  to  prove  most  suitable  for  a compre- 
hensive definition  of  ballistic  performance  and  so  to  point  out 
the  line  along  which  the  future  program  should  best  be  directed. 

It  was  for  this  purpose  then  that  the  experiment  reported 
herein  was  undertaken.  Its  aim  was  to  secure  simultaneous  re- 
cords with  all  the  apparatus  which  had  been  sufficiently  develop- 
ed to  be  reliable  in  order  to  make  possible  a correlation  and 
comparison  of  the  individual  records. 


2.  Scope  of  Test 

The  particular  factors  and  methods  which  were  chosen  for 
study  were : 

I*  Velocity 

(a)  Ejection  Velocity  by  Muzzle  Fingers 

(b)  External  Velocity  by  Contact  Screens 

(c)  External  Velocity  by  Solenoids 
(dj  External  Velocity  by  Camera 

(e)  Internal  Velocity  or  Displacement  of  Shell 
in  gun  by  Expansometers 

2.  Powder  Gas  Pressure  at  Breech 

(a)  Time-record  by  Curtis-Duncan  Spring  Pressure  Gage 

(b)  Maximum  record  by  Crusher  gages 

3*  Recoil 

(a)  Motion  of  gun  in  recoil  by  B.S.  Recoilmeter 

(b)  Forces  opposing  recoil  of  gun 

Recoil  Cylinder  Pressure  by  Spring  Pressure  Gage 

(c)  Recoil  Cylinder  Pressure  by  Engine  Indicator 


-3- 


(d)  Force  of  Friction  between  Gan  and  Slide 

by  Static  Measurement 

(e)  Force  of  Springs  - Initial  Compression  and 

spring  constant  by  static  measurement 

3«  Firing  Program. 

The  experimental  firing  was  conducted  jointly  by  the 
Bureau  of  Standards  and  the  Ballistic  Section  Naval  Research 
laboratory  with  the  cooperation  of  the  personnel  of  the  Proving 
Grounds  at  Dahlgren.  Seven  rounds  were  fired  from  ll"/50  cal 
gun  #89-L2,  three  with  service  charges,  three  with  reduced 
charges  and  one  with  proof  charge.  The  usual  Firing  Record 
covering  these  rounds  will  be  found  in  Table  1 page  25 • 

In  carrying  out  the  experiment  every  effort  was  made  to 
secure  a uniformity  of  the  conditions  surrounding  each 
round  or  failing  this  to  secure  such  data  as  was  necessary 
to  permit  of  allowance  being  made  for  any  variations  which 
existed.  For  this  reason  the  data  collected  included  a 
careful  survey  of  all  the  materiel  employed  in  the  test. 
Everything  relating  to  the  condition  of  the  gun  was  carefully 
noted.  Star  gauge  records  along  the  bore  were  made  just  be- 
fore firing  and  the  dimensions  near  the  muzzle  were  checked 
by  special  micrometer  gages  as  soon  as  the  test  was  completed. 
Minute  measurements  were  made  of  the  dimensions  of  the  projec- 
tiles used  and  the  supplementary  data  incidental  to  firing  were 
made  as  accurate  as  possible.  In  short  every  factor  which 
might  be  expected  to  affect  the  results  was  subjected  to  care- 
ful scrutiny  and  record. 
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II.  Methods  and  Apparatus. 

1 , General 

The  methods  and  apparatus  used  in  this  experiment  we re 
for  the  most  part  the  same  as  those  employed  in  previous  tests 
and  consequently,  with  a few  exceptions,  need  no  description 
here.  The  recording  mechanism,  the  modified  type  G.E. 
Oscillograph^  is  now  standard  equipment  at  the  Proving  Grounds 
and  a complete  discussion  and  description  of  this  ^paratus 
may  be  found  in  Part  II  of  this  Bureau 1 s "Report  on  the 
Experimental  Firing  of  the  New  Mexico”.  In  the  same  report 
are  contained  discussions  of  the  general  method  of  recording 
displacement,  of  the  individual  types  of  step-by-step  gages 
such  as  the  recoilmeter  and  the  time-pressure  gages,  and  of 
the  devices  used  to  determine  the  time  of  events  in  the  firing 
cycle. 

2.  Ejection  Velocity 

The  method  of  determining  ejection  velocity  by  the  use 
of  muzzle  fingers  is  similar  to  that  used  during  the  calibra- 
tion firing  of  the  U.S.S.  Tennessee  and  in  a number  of  subse- 
quent firings  at  Dahlgren  during  1922  and  1923*  The  history 
of  the  development  of  this  method  together  with  a description 
of  the  type  of  fingers  and  blocks  finally  adopted,  are  given 
in  a report  submitted  by  this  Bureau  in  March  1923,  entitled 
"Development  of  Method  of  Measuring  the  Velocity  of  Projectiles 
Emerging  from  Gun". 

In  the  present  experiment,  three'  pairs  of  fingers  were 
used  in  order  to  check  the  results  of  individual  pairs  and  se- 
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cure  a higher  accuracy  of  measurement  by  obtaining  an  average 
of  the  three  determinations.  In  connection  with  the  use  of 
muzzle  fingers,  attention  is  called  to  the  condition  of  the 
bore  of  gun  /789L-2  from  which  the  experimental  rounds  were 
fired.  Star  gage  records  secured  just  before  the  test  are  given 
in  tabular  form  in  Table  3 page  27  and  are  shown  graphically  in 
figure  5 page  30.  They  show  that  the  gun  was  badly  worn. 
Inspection  of  the  muzzle  before  the  firing  revealed  the  fact 
that  the  wear  was  not  even  around  the  circumference  but  that 
there  was  a well-defined  variation  in  the  remaining  height  of 
the  lands  with  a maximum  of  wear  between  12  and  two  oTclock, 
where  the  lands  were  practically  gone,  and  a minimum  approxi- 
mately opposite.  Following  the  test,  measurements  were  made 
of  the  height  of  the  individual  lands  at  the  muzzle  and  of  the 
diameter  between  each  pair  of  opposite  grooves.  A special 
micrometer  gage  was  made  up  for  the  land  height  determinations 
and  a standard  inside  micrometer  caliper  of  high  precision 
was  secured  from  this  bureau  for  the  measurements  of  diameter. 
From  the  results  of  these  measurements  the  diagram  Fig.  1 was 
constructed.  Reference  to  it  will  show  the  amount  and  dis- 
tribution of  the  wear.  It  should  be  noted  that  even  where 
least  worn,  the  height  of  the  lands  was  somewhat  less  than  half 
its  nominal  value.  Further  reference  to  the  condition  of  the 
bore  and  its  effect  on  the  ejection  velocity  determination  will 
be  found  in  the  discussion  of  the  velocity  results. 

Because  of  the  condition  of  the  muzzle  the  three  pairs  of 
fingers  were  not  distributed  symmetrically  around  the  muzzle  but 
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were  set  up  in  the  position  shown  in  Figure  1.  The  three 
additional  fingers  shown  on  that  diagram  had  nothing  to  do 
with  the  ejection  velocity  determinations.  They  made  contact 
on  the  ogive  of  the  projectile  and  were  used  to  give  a common 
time  record  on  the  individual  oscillographs. 

3.  Contact  Screens,  Solenoids,  and’ Camera. 

Passing  to  the  other  velocity  determinations,  the  use 
of  contact  screens  and  solenoids,  both  recording  on  the 
oscillograph,  needs  no  description.  The  camera  and  its  appli- 
cability to  the  determination  of  velocity  have  been  described 
and  discussed  in  two  reports  submitted  by  this  Bureau,  entitled 
"Pork  with  Projectile  Camera  at  Dahlgren,  Va."  and  dated  Tune 
1922,  and  March  1923,  respectively. 

Um  Displacement  of  Shell  in  Gun. 

Of  the  items  listed  under  "velocity**,  there  remains  to 
be  considered  only  the  last:  vis,  the  determination  of  "internal" 

velocity  or  the  displacement  of  the  projectile  inside  the  gun. 

The  method  adopted  to  determine  this  displacement  is  based  on 
the  fact  that  as  the  projectile  proceeds  through  the  bore  of 
the  gun,  the  sudden  increase  of  pressure  on  a section  just 
passed  by  it,  is  accompanied  by  a radial  expansion  of  the  gun 
at  that  section.  Previous  experiments  have  shown  that  the 
expansion  so  caused  is  sufficiently  great  to  be  detectible 
and  the  instrument  shown  in  figure  2 was  developed  to  secure  a 
time  record  of  this  expansion  at  a number  of  points  along  the 
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gun.  The  instrument  has  been  named  the  "expansometer" , 
although  its  function  is  merely  to  detect  the  expansion  and 
record  the  time  at  which  it  occurs,  rather  than,  as  its  name 
might  imply,  to  measure  it. 

5.  Theory  of  the  Expansometer . 

In  its  essentials,  the  expansometer  may  be  considered  as  a 
stiff  split  collar  or  band  stretched  tightly  around  the  gun  with 
its  open  ends  close  together  in  such  a way  that  any  expansion  of 
the  gun  will  cause  them  to  move  apart.  On  one  end  of  the  band 
is  mounted  an  insulated  contacter  connected  in  series  to  a battery, 
an  element  of  the  oscillograph  and  thence  to  ground.  The  other 
end  carries  a contact  point  grounded  directly  through  the  band 
itself  and  the  gun.  as  initially  adjusted  the  contacter  and 
contact  point  are  just  touching  so  that  current  flows  through 
the  oscillograph  circuit.  As  soon  as  the  gun  expands,  however, 
the  resulting  separation  of  the  ends  of  the  band  breaks  the  cir- 
cuit and  the  oscillograph  current  fails  to  zero.  Hence  the  time 
at  which  the  expansion  occurs  may  be  determined  from  an  inspection 
of  the  oscillograph  film  on  which  the  usual  timing  lines  are  also 
photographed. 

In  order  to  secure  satisfactory  operation  of  the  device,  a 
number  of  refinements  to  the  simple  scheme  outlined  in  the  preced- 
ing paragraph  were  found  necessary.  Since  the  expansion  to  be 
detected  is  comparatively  small  it  is  necessary  that  the  adjustment 
of  the  contact  and  contacter  be  delicate  in  order  to  insure  its 
opening.  And  since  there  must  be  no  possibility  of  chattering 
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or  alternate  breaking  and  making  of  the  circuit  due  to  mechanical 
vibration,  which  might  obliterate  and  would  surely  confuse  the 
record  on  the  film,  it  must,  at  the  same  time,  be  rugged  and 
positive.  It  is  moreover  necessary  that  the  adjustment  be  to 
a certain  degree  at  least,  automatic  in  order  that  the  adjustment 
be  not  subject  to  change  due  to  any  slow  change  in  the  radius  of 
the  gun  such  as  would  be  caused  by  expansion  due  to  the  gradual 
heating  up  of  the  gun  during  repeated  firing. 

In  addition  to  these  fundamental  requirements,  it  was  con- 
sidered desirable  that  the  expansometer  should  require  a minimum 
of  attention  so  that  it  might  be  used  when  firing  rapidly  or  under1 
conditions  where  the  instruments  were  inaccessible.  It  was  con- 
sequently designed  to  be  self  closing.  That  is  to  say,  the  instrui 
ment  was  constructed  so  that  the  contact  points  would  come  to- 
gether  without  any  manipulation  by  an  operator  after  being  opened 
by  the  expansion  of  the  gun. 

6.  Description  of  the  Expansometer  Used. 

19 

Having  reviewed  thus  in  a general  way  the  aims  of  the 
designer,  it  is  believed  that  the  features  of  the  construction 
of  the  expansometer  as  shown  in  figure  2 may  be  more  readily 
understood  and  appreciated.  The  processes  of  installation  and 
operation  are  briefly  described  as  follows.  The  band  or  collar 
around  the  gun  consisted  of  a suitable  length  of  one-eighth  inch 
drill  rod,  threaded  at  the  ends  and  supported  on  small  rollers 
spaced  at  intervals  of  about  eight  inches  to  reduce  friction 
between  it  and  the  gun  and  so  ensure  that  the  pull  due  to  ex- 
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pansion  of  the  gun  is  all  transmitted  to  the  contact.  In  mount- 
ing, the  frame  was  placed  on  the  gun  where  it  was  held  from 
slipping  by  the  four,  pointed  legs,  two  of  which  are  shown  in 
figure  2.  The  left  end  of  the  band  was  next  screwed  into  the 
long  turnbuckle  as  shown,  which  is  held  in  the  pivoted  block. 

The  right  end  was  then  inserted  in  the  shorter  turnbuckle  and 
after  the  rollers  were  inserted  and  spaced  this  turnbuckle  was 
adjusted  until  the  rod  carrying  the  grounded  contact  was  pulled  - 
against  the  force  of  the  strong  regulating  spring  - well  clear 
of  the  forward  end  of  the  pivoted  cylinder  to  a position  about 
midway  in  its  clearance.  It  should  be  noted  that  the  grounded 
contact  is  mounted  on  a thin  metal  diaphragm  instead  of  directly 
on  the  rod.  The  function  of  the  diaphragm  is  to  absorb  any 
mechanical  shocks  or  vibrations  as  the  gun  recoils  and  so  ensure 
a steady  contact. 

Bolted  to  the  frame  so  as  to  be  substantially  integral  with 
it,  is  the  fixed  cylinder  containing  an  oil  chamber  in  which  moves 
a piston  backed  up  by  a spring  somewhat  weaker  than  the  regulating 
spring  referred  to  above.  Near  the  rear  end  of  the  piston  rod 
is  fastened  a yoke  which  moves  in  clots  on  the  top-  and  bottom  of 
the  cylinder  and  carries  the  contactor  mounted  on  a fibre  block 
.and  so  insulated  from  the  remainder  of  the  instrument.  Motion  of 
the  piston  is  therefore  transmitted  directly  to  this  contactor. 

Through  the  piston,  connecting  the  two  ends  of  the  oil 
chamber  are  two  passageways,  one  at  the  center  through  which 
the  flow  of  oil  is  regulated  by  the  needle  valve  extending  through 
the  piston  rod,  and  the  other,  shown  above  it  with  a ball  valve 
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held  closed  by  the  oil  pressure  and  a spring  during  forward 
motion  of  the  piston  but  opening  under  the  pressure  of  oil 
from  the  rear  when  the  piston  moves  backward. 

Because  of  the  action  of  the  spring,  the  piston  always  tends 
to  move  forward  and  maintain  contact  between  the  points.  This 
motion  is  restrained  by  the  presence  of  the  oil  in  the  chamber 
and  can  be  stopped  altogether  by  closing  the  needle  valve  com- 
pletely. The  speed  of  the  forward  motion  is  therefore  regulated 
by  means  of  the  needle  valve  which  in  operation  is  adjusted  so 
that  the  piston  creeps  forward  almost  imperceptibly  when  the 
contact  is  open.  Motion  to  the  rear  however  is  but  little 
affected  by  the  presence  of  the  oil  because  of  the  ease  of  oil 
flow  forward  through  the  by-pass  above. 

Jith  this  arrangement  all  the  requirements  set  forth  in  the 
preceding  pages  are  quite  adequately  met.  If  after  initial  ad- 
justment, the  gun  for  any  reason  contracts  or  expands  slowly  as 
it  would  by  reason  of  temperature  changes,  contact  between  the 
points  is  maintained  continuously,  since  the  piston  can  follow 
any  gradual  forward  motion  of  the  contact  and  moves  readily 
backward.  When  however  the  projectile  passes  and  a sudden 
expansion  of  the  section  of  the  gun  at  the  expansometer  exerts 
a sudden  pull  on  the  rod  bearing  the  contact,  the  piston  is  un- 
able to  follow  this  rapid  motion  and  the  contact  is  broken.  It 
remains  open  until  the  gradual  seepage  of  oil  through  the  bleeding 
passage  permits  the  contactor  to  overtake  the  contact  or  meet 
it  returning  as  the  reduction  in  pressure  inside  the  gun  eases 
the  pull  on  the  regulating  spring.  It  should  be  noted  here 
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that  it  is  immaterial  that  contact  will  be  restored  while 
the  points  are  displaced  to  the  right  of  their  initial  position, 
because  the  fact  that  the  regulating  spring  is  the  stronger  of 
the  two  and  that  the  piston  is  free  to  move  backward,  will  re- 
sult in  a gradual  restoration  of  the  original  conditions  within 
the  instrument,  when  the  gun  does  contract  to  its  original  size. 

In  view  of  the  very  satisfactory  operation  of  the  expan- 
someter  during  the  present  experiment  a word  or  two  in  a histor- 
ical sense,  concerning  its  development  may  not  be  amiss.  The 
possibilities  and  advantages  of  measuring  projectile  displacement 
by  this  method  were  first  suggested  by  Dr.  H.  L.  Curtis  of  this 
Bureau  in  1919  and  a first  design  was  completed  and  tried  out 
in  the  following  year.  Because  of  mechanical  difficulties  the 
early  tests  were  unsuccessful.  The  development  of  the  instru- 
ment has  been  continued  ever  since  as  occasion  offered,  but  it 
was  not  until  early  in  1923  that  satisfactory  records  were 
obtained.  During  the  latter  half  of  1922  and  the  first  half  of 
1923,  the  development  work  was  carried  on  by  hr.  K.  H.  Moore  now 
of  the  Naval  Research  Laboratory  and  it  is  to  his  efforts  that 
the  chief  features  of  the  present  design  are  to  be  credited. 

7»  Number  and  Location  of  Expansometers . 

During  the  present  experiment  eight  expansometers  were 
mounted  on  the  gun  thus  giving  a record  of  the  passage  of  the 
shell  at  eight  positions  along  the  bore.  In  order  to  make  best 
use  of  the  capacity  of  the  recording  apparatus,  two  expansometers 
were  connected  in  parallel  to  each  of  four  oscillograph  elements. 
The  opening  of  the  first  of  a pair  so  connected  doubled  the 
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resistance  of  the  circuit  to  ground  and  halved  the  oscillograph 
deflection,  while  the  breaking  of  the  contact  in  the  second, 
opened  the  circuit  completely  and  caused  the  deflection  to 
drop  to  zero.  In  order  to  be  sure  that  the  self-closing  feature 
of  the  earlier  acting  expansometer  could  not  by  premature  closing 
interfere  with  the  record  of  the  one  used  with  it,  a relay  was 
connected  in  series  with  the  first  of  each  pair  in  such  a way 
as  to  take  the  instrument  out  of  circuit  as  soon  as  it  opened 
thus  leaving  the  current  in  the  oscillograph  circuit  solely  under 
control  of  the  second  expansometer  of  the  pair.  The  connection 
showing  the  pairing  of  the  expansometers  are  given  in  the  record- 
ing circuit  wiring  diagram  figure  3 and  their  position  along  the 
bore  of  the  gun  is  listed  in  the  following  table. 


Expansometer 

Number 

Distance  back 
from  muzzle 

Travel  of  Projec- 
tile before  Expan- 
someter acts. 

Oscillograph 

Film 

Feet 

Feet 

1 

33.63 

16.56 

B 3 (Relay) 

2 

27 . 54 

22.65 

G 3 (Helay) 

3 

21.86 

28.33 

D 2 (Relay) 

4 

18.74 

31.45 

D 3 (Relay) 

5 

14.38 

35.83 

B 3 

6 

11.45 

38.74 

G 3 

7 

6.86 

43.33 

D 2 

8 

3.18 

47.01 

D 3 

8.  Recoil  Displacement  and  Recoil  Forces. 


With  reference  to  the  measurements  and  apparatus  listed  under 
"Recoil",  the  recoilmeter  and  the  recoil  cylinder  pressure  gages 
are  familiar  pieces  of  apparatus  and  require  no  detailed  descrip- 
tion. The  instruments  were  the  same  as  those  used  in  previous 
experiments  and  described  in  former  reports.  The  determination 
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in  the  field,  however,  of  the  other  forces  acting  during  recoil, 
viz*  the  force  of  friction  between  the  gun  and  slide  and  the  force 
exerted  by  the  counter  recoil  springs,  has  not  hitherto  been 
attempted  by  this  Bureau  and  the  method  by  which  data  on  these 
factors  were  obtained  is  described  below. 

9*  Measurement  of  Spring  Force  and  Friction  Betv/een  G-un  and  Slide* 
In  order  to  determine  the  force  of  the  springs  and  of. 
friction  advantage  was  taken  of  the  fact  that,  unless  assisted  by 
the  introduction  of  compressed  air  into  the  counter  recoil  cylin- 
ders, the  springs  are  not  sufficiently  strong  to  hold  the  gun  in 
battery  at  any  great  elevation.  Because  of  this  fact  no  elaborate 
apparatus  was  required  for  the  measurement.  The  gun  was  slowly 
elevated  by  hand  until  it  just  started  to  slide  out  of  battery 
and  the  elevation  at  which  this  took  place  was  determined  by  the 
use  of  a quadrant.  Since  the  only  forces  acting  on  the  gun  under 
these  conditions  are  gravity,  the  springs  and  the  friction  betv/een 
gun  and  slide,  the  equilibrium  condition  when  the  gun  is  just  on 
the  point  of  sliding  out  of  battery  under  its  own  weight  may  be 
represented  by  the  equation 

S0  + F0  cos  90  = W sin  e0 

where  S0  = Initial  force  of  springs  in  pounds. 

FQ  = Force  of  friction  in  pounds  between  gun  and  slide 
at  0°  elevation. 

W « Weight  of  the  recoiling  parts  of  the  gun  in  pounds. 

9 = Angle  at  which  the  gun  is  just  on  the  point  of 

leaving  battery,  measured  by  quadrant. 

Suppose  that  the  gun  is  now  elevated  a little  more,  still 
very  slowly  to  minimize  the  effect  of  momentum.  Under  these 
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conditions  the  gun  will  slide  out  of  battery  until  the  increased 
resistance  offered  by  the  springs  as  they  compress  balances  the 
increase  in  the  value  of  the  right-hand  side  of  the  equation 
due  to  the  greater  angle  of  elevation.  The  equilibrium 
equation  then  becomes 

S + Kin  + Fn  cos  9,  = VJ  sin  ©, 
o 1 ° 1 l 

where  K = spring  constant  in  pounds  per  unit  distance 

1]_  = distance  in  inches  'which  the  gun  has  moved  out  of 
battery 

91  = the  angle  of  elevation 
and  so  So,  F0  and  \JQ  are  the  same  as  before. 

Hence  by  elevating  the  gun  slowly  to  a number  of  different 
angular  positions  and  measuring  Q and  1 each  time  the  gun  came 
to  rest  a sufficient  number  of  simultaneous  eouations  were 
secured  to  determine  and  adequately  check  the  values  of  the 
three  unknown  quantities  S0  , K and  F0. 

Two  runs  were  made  before  the  experimental  firing,  the  gun 
being  slowly  elevated  by  hand  in  order  to  prevent  the  equilibrium 
conditions  from  becoming  indeterminate  by  reason  of  the  effect  of 
the  momentum  acquired  by  the  gun  on  the  position  in  which  it  came 
to  rest.  Elevation  was  made  in  steps  of  about  one  degree  and 
continued  until  the  gun  had  slid  about  10  inches  out  of  battery. 
Readings  were  taken  at  each  step  and  also  on  the  return  run  as 
the  gun  was  depressed  slowly  by  intervals  until  it  returned  to 
battery.  Since  the  friction  always  acts  in  a direction  opposing 
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+ Kln  - F0  cos  9n  = W sin  9 n for  positions  out  of  battery 


and  SQ  - Fq  cos  9 = W sin  9p  for  the  angle  at  which  the  gun 
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just  slides  back  into  battery# 

Following  the  completion  of  the  firing  a check  run  was  made 
in  the  same  manner# 

Although  the  procedure  outlined  above  sufficed  for  the 
determination  of  botn  spring  force  and  friction,  an  independent 
measurement  of  the  friction  was  made  by  slacking  off  the  bolts 
fastening  the  counter  recoil  piston  to  the  gun  and  measuring  the 
angle  at  which  the  gun  started  to  slide  out  of  battery  when  its 
motion  was  opposed  by  the  force  of  friction  alone#  This  afforded 
a splendid  check  on  the  previous  determinations  and  a more  accurate 
measurement  of  the  friction. 

10#  The  Recording  Circuit. 

A wiring  diagram  showing  the  distribution  of  the  apparatus 
among  the  four  oscillographs  used  ip  the  experiment  is  given  in 
figure  3*  The  ejection  velocity  and  all  internal  velocity  records 
were  grouped  as  shown  in  a single  oscillograph  (a)  the  three 
elements  of  which  were  connected  to  a recoil  operated  common  time 
device  to  provide  an  accurate  means  of  correlating  the  individual 
determination  of  ejection  velocity.  For  a common  time  record 
on  the  other  three  oscillographs  three  additional  muzzle  fingers 
of  the  ogive  type  were  used  so  that  the  ejection  of  the  ogive 
of  the  projectile  was  recorded  by  all  four  oscillographs. 

11.  Operating  Circuit. 

The  operating  circuit  used  for  the  experiment  is  shown  in 
figure  A*  Oscillographs  TTBn  "C?f  and  irDf>  all  of  which  recorded 
exclusively  events  occurring  before  ejection,  were  connected  in 
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parallel  in  the  usual  manner  so  that  their  shutters  were 
opened  by  the  closing  of  the  firing  key  just  before  the  firing 
circuit  was  closed  through  a delay  relay..  The  shutter  of 
oscillograph  "a"  and  that  of  the  camera  were  opened  by  the 
action  of  a switch  which  was  closed  by  the  start  of  recoil  of 
the  gun.  By  thus  delaying  the  opening  of  the  shutter  of 
oscillograph  "a"  which,  as  is  shown  in  figure  3,  was  not  required 
to  record  any  event  before  ejection,  it  was  possible  to  keep  the 
shutter  of  the  oscillograph  open  until  after  the  projectile  had 
passed  through  the  second  contact  screen  and  completed  the  exter- 
nal velocity  records,  without  reducing  the  speed  at  which  the 
film  drum  was  onerated. 


12.  Location  of  the  Camera. 

The  camera  was  located  exactly  under  the  second  contact 
screen  at  a horizontal  distance  of  160.9  feet  from  the  muzzle 
of  the  gun.  It  pointed  vertically  upward  and  included  in  the 
field  the  contact  screen  which  was  equipped  with  two  arms  extend- 
ing across  the  trajectory  of  the  projectile,  perpendicular  to  it 
and  the  line  of  motion  of  the  camera  film.  JBch  arm  bore  a 
reference  mark  which  was  photographed  by  the  camera  and  afforded 
a means  of  determining  the  ratio  of  magnification  t?rTt  used  in 
calculating  the  velocity  of  the  projectile  from  its  photographs 
on  the  camera  film. 

13*  Fork  Calibration. 

In  order  to  be  sure  of  the  greatest  possible  accuracy  for 
the  time  measurement,  the  tuning  forks  used  in  the  four  oscillo- 
graphs were  calibrated  immediately  after  the  test.  The  frequency 
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of  the  fork  in  oscillograph  "a”  was  measured  by  the  drop 
chronograph  method  of  Dr.  L.  T.  3.  Thompson  and  found  to  have 
a frequency  of  500*7  cycles  per  second.  The  frequencies  of  the 
remaining  three  forks  were  then  determined  by  comparing  them 
with  the  fork  in  oscillograph  A,  and  they  were  found  to  be 
500,2,  4 99.8,  and  499.8,  respectively  for  oscillograph,  B, 

C and  D.  In  interpreting  the  results  of  the  velocity  deter- 
minations allowance  was  made  for  the  difference  between  the 
actual  frequency  500,7  cycles  and  the  nominal  frequency 
500  cycles  of  the  fork  on  oscillograph  a.  In  the  case  of  the 
other  oscillographs  the  precision  of  the  measurement  was  not 
sufficiently  great  to  require  that  the  small  difference  between 
the  actual  and  nominal  frequency  be  taken  in  account. 
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III.  DATA  ,utd  results 

In  the  five  tables  and  thirty-three  sheets  of  curves, 
on  pages  25  to  62,  all  the  more  important  features  of  the 
data  collected  and  the  results  calculated  from  them  have  been 
gathered  together  for  convenient  reference.  A list  of  the 
tables  and  curve  sheets  with  a brief  description  of  their 
contents  follows: 


Table  1. 


firing  record.  Condensed  from  the  usual 
proving  ground  form. 


Table  2.  Projectile  data. 

Table  3*  Star  gage  record  of  condition  of  gun  89-L2 

made  just  before  the  experimental  firing. 


Table  4.  Velocity  of  projectile.  Results  obtained 

by  the  several  methods  of  measurement  employed. 

Table  5*  Ilaximum  powder  pressure.  Comparison  of 
crusher  gage  records  with  those  of  time- 
pressure  gages  and  with  values  calculated 
from  recoil  data. 


Pig.  5 Graphical  representation  of  condition  of 

bore  of  gun  constructed  from  star  gage  records. 

Pigs.  6-12  Time-pressure  curves. 


Pigs*  13-19  Notion  of  gun  in  recoil  up  to  time  of  ejection 
of  projectile. 


Pigs.  20-25  Time  curves  of  pressure  in  recoil  cylinder. 


Pigs.  26-27  Pressure-displacement  curves  for  recoil  cylinder. 

Comparison  of  time  records  with  indicator  diagrams. 

Pig.  28  Displacement  of  projectile  in  gun  as  a function 

of  recoil  from  records  of  expansometers  and 
recoilmeter . 
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Figs . 


pigs. 


29-33  Motion  of  projectile  in  gun#  Comparison  of 
results  obtained  by  direct  measurement  by 
expansometers  and  indirect  determination  by 
calculation  from  records  of  gun  recoil  and 
recoil  forces.  For  rounds  1,  2,  3,  5,  and  6. 

34-37  Force -time  curves  showing  the  force  exerted 
by  the  powder  gases  as  determined  by  time- 
pressure  records  and  calculated  from  recoil  data. 
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TABLE  I 


FIRING  RECORD  ' 

Six  Experimental  Rounds  for  Bureau  of  Standards  Test 
Naval  Proving  Ground,  Dahlgren,  Va.,  October  1923 
14’t-50  Cal.  Gun  Mark  IV  Mod.  3,  No.  89-L2 
Uniform  Rifling  1/32 


Experi- 

mental 

Round 

Number 

When 
Date 
Oct . 

Fired 

Time 

Weight 

of  Projectiles 
Charge  No.  Seat- 
on  ing 

lbs.  Shell  Inch. 

Chrono- 
graph 
Velo- 
city 
Ft/Sec . 

Crusher 
Gage 
Pres- 
sure 
Tons/ 
Sc . In. 

Range 

Yards 

Drift 

Yards 

1 

26 

15:42 

484. 

856 

97.6 

2799 

15.65 

16130 

128  I? 

2 

27 

11:36 

4.84 

1274 

97-7 

2799 

15.75 

16057 

136  R 

3 

29 

14:37 

484 

964 

97.7 

2799 

15.21 

15767 

71  R 

4 

30 

10:08 

230 

1213 

97.7 

1478 

3.42 

5452 

3 L 

5 

30 

12:45 

368 

1338 

97.6 

2172 

7.89 

10578 

28  R 

6 

30 

14:11 

518 

1210 

97.6 

2997 

19.14 

17546 

68  R 

7* 

30 

15:43 

240 

1218 

97.6 

1541 

3.76 

5912 

4 R 

Powder : 
Loading : 
Ignition : 


Rounds  1 - 5 & 7 S.r.D.  2082 
Round  6 S .P.D.  1563 

4 Silk  Bags,  stacked  for  Rounds  1,  2,  3,  and  6; 

dumped  for  Rounds  4,  5,  and  7. 

1200  gras.  Black  Powder,  distributed  300  gms  per 
section. 


Projectiles:  P.S.S.Co.  -^.P.  Mk  5,  Hod.  2B,  Lot  4. 

iodified  Band  Sketch  No.  37088;  for 
individual  shell  measurements  see  Table  2. 


For  all  Rounds : Elevation,  8°;  flight  smooth. 


*Round  7 was  an  additional  round  fired  to  replace  Round  4 
in  which  screen  velocities  were  lost. 
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DIMENSIONS 


of  prcjectil: 


Used  in  Experimental  Firing,  Naval  Proving  Ground, 
Dahlgren,  Virginia,  October  26-30,  1923 • 


a. P. Shell  ilk  V Nod.  2-B,  Lot  4,  Contract  10,  Modified  Band. 
Length  of  Cap  17*2  Diameter  of  Base  of  Cap  11.572 

(Dimensions  in  inches  unless  otherwise  specified) 


Number 

Used 

in 

Round 

No. 

'/eight 
Lbs . 

Length 

Inches 

Diameter. 

Effect.  Length 
For  Ejection 
Velocity  Mea- 
surements. By 
Soecial  Gage ■ 

On 

Shell 

On 

Band 

Bour- 

relet 

Body 

Band 

856 

R5 

1 

1400 

49  • 4 

13.980 

13.939 

14.170 

24.61 

1274 

R4 

2 

1400 

49  • 4 

13.979 

13.950 

14.169 

24.50 

984 

R3 

3 

1400 

49.4 

13.981 

13.943 

14.169 

24.47 

1213 

R2 

4 

1400 

49.4 

13.983 

13.94S 

14.169 

24.54 

1338 

R1 

5 

1400 

49.4 

13.97S 

13.938 

14.173 

24.51 

1210 

R6 

6 

1400 

49.4 

13  0 962 

13.948 

14.170 

24.50 

1218 

U1 

7 

1400 

49  • 4 

13.973 

13.940 

14.173 

24.60 

For  all  rounds:  Width  of  Band  - 4.7 

Distance  ^nd  to  Base 


1.1 
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TABLE  3 

STaR  GaG3  RECORD 

14"-50  Cal • Gun  Mark  IV,  Model  3,  No.  89-L2 

October  10,  1923 


Previous  Actual  Rounds  - 195 
Previous  Equivalent  Service  Rounds  - 124.55 


1 

2 

3 

Distance 
Forward  of 
Origin  of 
Rifling 
Inches 

Diameter 

Inches 

Distance 
Forward  of 
Origin 
Inches 

Diameter 

Inches 

Distance 
Forward  of 
Origin 
Inches 

Diameter 

Inches 

0 at  Origin 

14.275 

203.33 

13.998 

443 .33 

14.073 

1 

14.240 

213.33 

.994 

453.33 

.081 

12 

.206 

223.33 

.992 

463.33 

.086 

13.33 

.203 

233.33 

.990 

473.33 

.088 

18.33 

.192 

243.33 

.986 

483.33 

.092 

23.33 

.181 

253.33 

.993 

488.33 

.092 

28.33 

• 168 

263.33 

.989 

493.33 

.092 

33.33 

.155 

273.33 

.990 

498.33 

.092 

43.33 

.133 

283.33 

.991 

503.33 

.094 

53.33 

.113 

293.33 

.994 

513.33 

.097 

63.33 

.094 

303.33 

.995 

523.33 

.100 

73.33 

.077 

313.33 

.993 

533.33 

.105 

83.33 

.063 

323.33 

13.995 

543.33 

.109 

93.33 

.049 

333.33 

14.000 

553.33 

.114 

103.33 

.036 

343.33 

14.005 

563.33 

.120 

113.33 

.027 

353.33 

.011 

573.33 

.128 

123.33 

.017 

363.33 

.016 

578.33 

.133 

133.33 

.010 

373.33 

.024 

143.33 

.006 

383.33 

.030 

583.33* 

14.134 

153.33 

.002 

393.33 

.037 

163.33 

.001 

403.33 

.048 

173.33 

14.000 

413.33 

• 055 

183.33 

13.999 

423.33 

.062 

193.33 

13.996 

433.33 

.067 

* Muzzle 
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TABLE  9 


MAXIMUM  PRESSURE 

Experimental  Firing  of  14"-50  Cal.  Gun  No.  89-L2 
Naval  Proving  Ground,  Dahlgren,  Virginia, 
October  26-30,  1923 


Round 

Number 

P/eight 
of  Charge 
Pounds 

Chronograph 
Velocity 
Ft  ./Sec . 

Max  imum 

Crusher 

Gages 

Pressure 

Time 

Pressure 

Gage 

Lbs.  pet  Sq.  In. 
Calculated 
From  Recoil 
Data* 

1 

4 84 

2799 

35100 

37300 

44500 

2 

484 

2799 

35300 

37200 

41300 

3 

484 

2799 

34100 

36100 

43900 

4 

230 

1478 

7700 

84OO 

Not  calculated 

368 

2172 

17700 

20700 

6 

518 

2997 

42900 

45500 

80600 

7 

240 

1541 

9400 

9800 

Not  calculated 

^Values  in  this  column  were  calculated 
recoil  by  the  approximate  formula 

from  the 

records  of 

l ltx.+ 

T> 

F1  + F2 

+ e«3 

1 - 

a 

where 

0*  = 
M = 

acceleration  of  recoiling  parts 
mass  of  recoiling  parts 

Fi  = 

force  of  friction  between  gun  and  slide 

F2  = 

force  exerted 

by  counter-recoil 

springs 

F3  = 

force  exerted 

by  recoil  cyl inder  pressure 

a = 

area  of  bore 

of  gun 

The  force  of  friction  between  shell  and  gun  which  could 
not  be  measured  was  neglected  in  the  calculations. 
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DISTANCE  FROM  ORIGIN  OF  RIFLING  - FEET. 

FIG.  5 


40, 000 
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TIME  FROM  EXPLOSION  OF  PRIMER-  SEC. 

FIG.  6 
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TIME  FROM  EXPLOSION  OF  PRIMER-  SECONDS. 

FIG.  7 
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FIG.  15 
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FIG.  2 / 
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IV.  Discussion  of  Results  and  Conclusions. 

a.  Veloci  t£ 

The  results  of  the  velocity  determinations  by  seven  dif- 
ferent methods  are  given  in  table  4 page  28*  The  methods  are 
tabulated  in  the  order  of  the  accuracy  which  the  different 
methods  might  reasonably  be  expected  to  possess,  the  correct- 
ness of  the  arrangement  being  borne  out  in  general  by  the  re- 
sults to  which  the  use  of  each  method  leads. 

Of  the  methods  listed,  the  contact  screens  and  solenoids 
are  undoubtedly  the  most  reliable.  Their  accuracy  depends  only 
on  the  precision  with  which  the  screen  distances  and  the  fre- 
quency of  the  oscillograph  fork  are  known  and  the  accuracy  with 
which  the  record  on  the  oscillograph  film  can  be  translated  in- 
to terms  of  velocity.  The  last-named  factor  is  probably  the 
one  limiting  the  accuracy  and  the  chief  source  of  the  small 
error  in  the  present  measurement,  since  the  screen  distances  and 
fork  frequency  were  both  known  to  better  than  one-tenth  of  one 
percent.  Of  the  two,  the  contact  screens  are  probably  slightly 
the  more  accurate  because  of  the  more  definite  type  of  record 
produced  by  them  on  the  oscillograph  film. 

Next  in  order  of  accuracy  comes  the  use  of  rotating  band 
finger'  and  the  first  contact  screen.  It  falls  slightly  behind 
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the  first  two  in  probable  accuracy  because  of  the  different 
type  of  the  two  events  recorded  on  the  oscillograph,  and  also 
because  the  measured  distance  must  be  corrected  by  allowing 
for  the  recoil  displacement  of  the  gun  at  ejection.  It  is, 
nevertheless,  a method  of  very  great  accuracy. 

The  sources  of  error  in  velocity  determination  by  the 
use  of  the  Boulonge  Chronograph  have  been  the  subject  of  much 
discussion  and  contention.  They  may  be  briefly  summed  up  as 
follows : 

1.  Uncertainty  in  the  position  of  the  projectile 

when  the  screen  wire  breaks 

2.  Possibility  of  variation  in  the  time  of  operation 

of  the  releasing  magnets  and  in  the  time  of 

operation  of  the  instrument  itself. 

3.  Inaccuracy  in  the  determination  of  the  time  interval 

from  the  marks  on  the  chronograph  rod. 

Its  advantages  lie  in  simplicity  of  operation  and  the 
rapidity  with  which  the  results  may  be  determined. 

On  the  fifth  line  of  table  4 the  average  of  the  first  four 
methods  is  given  for  each  round  in  which  complete  data  were 
obtained.  Assuming  this  average  to  be  the  true  velocity  of  the 
projectile  and  comparing  the  individual  determinations  with  it, 
gives  a fair  idea  of  the  accuracy  of  each.  The  individual  dif- 
ferences are  given  in  lines  12,  13,  14  and  15  of  the  table. 
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Examining  these  it  is  found  that  the  greatest  difference  be- 
tween the  two  are : 

for  the  contact  screens  3*5  f«s.  or  0.12$ 

for  the  solenoids  7 f.s.  or  0.25$ 

for  tile  method  using 
finger  & contact 

screen  5 f.s.  or  0.2$ 

for  the  Boulonge  Chrono- 
graph 9 f.s.  or  0.3$ 

the  average  difference  being  considerably  less  for  any  of  the 

four  methods. 

Comparison  of  the  results  obtained  in  rounds  1,  2 and  3 
all  fired  with  service  charges  is  interesting.  It  will  be 
noted  that  of  the  four  methods  already  discussed  all  except 
the  chronograph  indicate  that  the  velocity  in  round  2 was 
slightly  lower  than  in  round  1 while  round  3 was  considerably 
lower  than  either  1 or  2.  The  chronograph  velocities  reported 
we  re  the  same  for  all  three  rounds.  Turning  to  table  1 it  will 
be  noted  that  the  differences  in  range  are  in  the  same  order  as 
that  in  the  velocities,  the  range  in  round  1 being  the  greatest 
and  round  3 ranging  considerably  shorter  than  either  of  the 
other  two.  Since  these  rounds  -were  fired  on  different  days  and 
consequently  under  varying  atmospheric  conditions,  the  trend 
towards  correspondence  of  the  differences  in  velocity  and  range 
may  not  be  conclusive.  It  would  appear  worth  while,  however,  to 
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have  the  observed  ranges  reduced  to  standard  meteorological  con- 
ditions and  then  compared  with  the  measured  velocities.  Neither 
the  data  nor  the  experience  necessary  to  apply  the  corrections 
are  available  at  this  Bureau,  but  it  might  be  done  to  advantage  by 
the  Proving  Grounds.  The  differences  in  velocity  here  are  very 
slight  and  the  failure  of  the  chronograph  to  detect  them  is  not 
serious.  The  results  do,  however,  exemplify  the  greater  accura- 
cy of  the  oscillograph  methods. 

The  results  of  the  ejection  velocity  determinations  are 
shown  in  lines  6 to  9 of  table  4.  The  differences  between  the 
average  of  the  finger  velocities  and  the  "true"  velocit}?"  in  line 
5 are  given  in  line  16.  Since  the  acceleration  of  the  projec- 
tile under  the  action  of  the  powder  gases  continues  for  some  time 
after  the  projectile  leaves  the  gun,  the  ejection  velocities 
should  not  be  equal  to  this  "true"  velocity  but  somewhat  less 
than  it.  The  true  test  of  ejection  velocity  accuracy  is  not, 
then,  the  difference  between  the  values  in  lines  9 and  5 but 
rather  the  consistency  of  these  differences.  Even  if  the  total 
difference  between  the  two  is  considered,  however,  the  ejection 
velocities  are  found  to  differ  from  the  values  of  line  5 by  only 
about  ,8%  on  the  average  and  1.1$  as  a maximum.  It  will  be  noted 
that  the  ejection  velocities  are  consistently  lower  than  the  "true" 
velocity.  That  is  to  say,  the  difference  is  in  the  right  directioc 
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Assuming  then  that  the  increase  in  the  velocity  of  the  projec- 
tile after  it  leaves  the  muzzle  is  not  more  than  two  or  three 
percent,  an  assumption  which  is  justified  by  the  close  agree- 
ment of  the  muzzle  velocity  as  determined  by  the  chronograph 
and  the  velocity  measured  between  the  rotating  band  finger  and 
the  first  contact  screen,  the  average  ejection  velocity  may  be 
considered  to  have  an  accuracy  of  somewhat  better  than  1 

T7hile  this  accuracy  is  not  as  great  as  has  been  obtained 
in  previous  tests  with  the  same  apparatus,  it  should  be  borne 
in  mind  that  the  conditions  were  peculiarly  unfavorable  to  the 
use  of  this  method.  Attention  has  already  been  called  to  the 
worn  condition  of  gun  Tl  89  used  for  the  test  as  shown  in  figures 
1 and  5*  There  are  two  distinct  ways  in  which  the  wear  in  the 
gun  might  affect  the  results  of  the  ejection  velocity  deter- 
minations. In  the  first  place  the  possibility  of  the  projectile 
emerging  from  the  gun  ”cocked”  or  tilted,  instead  of  straight, 
is  greatly  increased  by  the  enlargement  of  the  bore  and  the 
uneven  wear  of  the  lands.  The  effect  of  such  tilting  would 
be  to  change  the  distance  traveled  by  the  shell  between  the 
time  it  made  contact  with  the  ogive  and.  rotating  band  fingers 
respectively,  and  so  introduce  an  error  in  the  ”base  line” 
of  the  measurement.  Because  of  the  curvature  of  the  ogive, 
only  a slight  tilt  of  the  shell  is  necessary  to  change  the 
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"effective  shell  length”  considerably.  rThen  as  in  the  present 
experiment,  more  than  one  pair  of  fingers  are  used,  the  effect 
of  this  tilting  can  to  some  extent  be  eliminated  by  placing 
pairs  of  fingers  nearly  opposite  each  other  so  that  an  in- 
crease of  the  effective  shell  length  at  one  pair  will  be  ac- 
companied by  a corresponding  decrease  at  the  other,  and  the 
average  of  the  two  determinations  will  be  but  slightly  aflected 
by  the  tilt.  It  is  probable  that  the  differences  between  the 
individual  finger  determination  in  a give/n  round,  which,  as 
shown  in  the  last  line  of  the  table,  amounted  to  as  much  as 
three  percent  in  one  instance,  were  due  to  a great  extent  to 
tilting  of  the  shell. 

The  second  effect  of  the  worn  condition  of  the  gun  on  the 
accuracy  of  ejection  velocity  determinations  has  to  do  with  the 
method  used  to  set  up  the  fingers.  The  gage  used  for  this  pur- 
pose consists  of  a curved  bearing  surface  which  is  held  inside 
the  gun  against  the  tends  and  carries  concentrically-curved 
surfaces  against  which  the  tips  of  the  fingers  are  set  up  when 
being  fastened  in  their  blocks,  7/hen  such  a gage  is  used  under 
the  conditions  shown  in  figure  1,  it  is  obvious  that  the  setting 
of  the  fingers  will  not  be  as  accurate  as  might  be  desired. 
Because  of  the  fact  that  the  land  heights  are  below  normal  there 
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is  danger  that  the  rotating  band  fingers  will  be  set  too  far 
out  and  so  miss  the  front  end  of  the  rotating  band.  And  be- 
cause of  the  uneveness  of  the  wear,  the  entire  set-up  becomes 
slightly  eccentric  with  reference  to  the  axis  of  the  gun,  pro- 
ducing to  a less  degree  the  same  effect  as  that  caused  by  a 
tilted  projectile. 

On  the  whole,  however,  the  ejection  velocity  records  may 
be  considered  as  satisfactory,  since  they  indicate  that  an  ac- 
curacy of  one  percent  or  better  may  be  obtained  by  this  method, 
even  under  very  unfavorable  conditions,  provided  that  a number 
of  pairs  of  fingers  are  used. 

Because  of  atmospheric  conditions  and  some  instrumental 
difficulties  only  two  satisfactory  records  were  obtained  with 
the  projectile  camera.  The  velocities  as  determined  by  this 
method  are  given  in  line  10  of  table  4,  and  are  found  to  agree 
with  the  other  determinations  to  somewhat  better  than  one  per- 
cent. The  velocities  were  calculated  from  measurements  made  on 
the  film  by  means  of  the  formula 


r = ratio  of  magnification 

a = distance  between  successive  shutter  openings 
d = distance  between  two  successive  .photographs 
of  the  shell 

D = distance  between  t..o  successive  pictures  of  a 
stationary  objection  in  the  field. 


V = — 
vp  r 

where  Vf  = speed  of  the  film 
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The  derivation  of  the  formula  is  given  in  this  Bureau’s  Report 
on  "-work  with  Projectile  Camera  at  Dahlgren,  Va.,  dated  March 

1923". 

The  velocity  of  the  projectile  as  determined  from  the  curves 
of  shell  motion  inside  the  gun  is  given  on  line  11  of  the  same 
table.  This  method  is  new  and  its  features  are  discussed  at 
greater  length  under  the  heading  "Displacement  of  Projectile 
Inside  the  Gun".  The  results  do  not  differ  from  those  obtained 
by  other  methods  by  more  than  one  percent,  despite  the  fact 

that  the  method  is  somewhat  indirect. 

In  considering  the  results  of  the  velocity  measurements, 
recognition  would  be  given  to  the  fact  that  the  methods  tried 
out  in  this  experiment  'were  of  three  quite  distinct  types  and 
have  diverse  applications.  The  first  four  methods  requiring 
as  they  do  the  use  of  screens  situated  at  some  distance  from  the 
gun  are  limited  in  their  application  to  conditions  similar  to 
those  existing  at  the  proving  grounds,  where  space  and  equipment 
for  the  screens  are  available.  The  ejection  velocity  and  shell 
displacement  methods  on  the  other  hand  renuire  no  external  appa- 
ratus and  their  development  has  been  aimed  toward  providing  a 
means  of  measuring  velocity  on  shipboard.  with  the  limitations 
imposed  on  them  by  that  fact,  chief  of  which  is  the  short  space 
interval  over  -which  the  velocity  must  be  determined  it  is  not  to 
be  expected  that  they  can  compete  with  the  former  methods  as  far 
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as  precise  determinations  ashore  are  concerned.  Viewed  from 
this  standpoint  the  performance  of  the  finger  and  shell  dis- 
placement methods  requires  more  consideration  than  a bald 
comparison  of  the  accuracy  of  the  methods  would  warrant  for 
them.  The  third  type  of  measurement,  that  by  the  camera, 
can  also  be  found  useful  on  shipboard.  Its  best  field,  how- 
ever, appears  to  lie  in  the  determination  of  velocity  at  some 
distance  from  the  gun,  as  for  example  in  plate  firing  or  at 
points  on  the  trajectory  remote  from  the  gun. 

\ 

B.'  Pressure. 

On  figures  6 to  12  pages  31  to  37,  are  curves  showing 
the  pressure  on  the  breech  of  the  gun  as  determined  by  spring 
pressure  gages.  The  maximum  pressure  as  recorded  by  the 
crusher  gage  method  is  also  shown  on  the  curve  sheets.  Ref- 
erence to  the  curves  shows  that,  as  in  previous  experiments, 
the  maximum  pressure  from  the  time  records  is  from  6 to  16 
percent  greater  than  that  recorded  by  the  crusher  gages. 

Bor  rounds  1,  2,  3,  5,  and  6,  the  maximum  pressures  were 
also  calculated  from  the  records  of  recoil  displacement  of  the 
gun  and  of  the  forces  opposing  recoil.  The  pressures  so  deter- 
mined were  found  to  be  considerably  higher  than  those  indicated 
by  either  type  of  direct  measurement.  Further  discussion  of  the 
calculated  pressures  will  be  found  under  the  heading  "Force 
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Ex  er  ted  by  Powder  Gas”. 

a comparison  of  the  maximum  pressures  as  determined  by 
the  three  methods  is  given  in  table  5,  page  29  • 

The  results  of  the  time  pressure  measurements  are  disap- 
pointing, and  in  view  of  the  discrepancy  between  the  results 
of  measured  and  calculated  pressure  no  great  accuracy  is  claimed 
for  either.  In  preparing  for  the  experiment  two  new  gages 
designated  on  the  curve  sheets  as  model  II  Modification  ^ num- 
bers 2 and  5 were  made  up  but  no  opportunity  was  found  to  give 
them  a service  test  beforehand.  Of  these  two  gages  one,  7l  5 , 
developed  a ground  in  its  recording  mechanism  during  the  first 
round  and,  although  its  mechanical  action,  as  indicated  by  the 
partial  record  obtained,  appeared  to  be  satisfactory  it  was 
found  necessary  to  remove  it  from  service  in  the  second  round. 
The  second  of  the  new  gages  #2  gave  a satisfactory  record 
throughout  the  firing  but  the  subseouent  reading  of  the  oscillo- 
graph film  showed  that  the  piston  was  tending  to  stick  because 
of  insufficient  clearance,  a fault  common  in  an  untried  gage 
and  readily  remedied  when  its  existence  is  .recognized . Because 
of  these  casualties,  the  curves  for  the  service  rounds  were 
plotted  practically  entirely  from  the  records  of  a single  old 
gage.  Bor  use  during  the  last  four  rounds  another,  gage  Model  1 
No.  3,  was  inserted  and  the  later  pressures  are  the  average  of 


the  two  records 
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With  the  benefit  of  the  experience  gained  in  previous 
tests  it  was  expected  that  more  accurate  data  would  be  secured 
by  the  use  of  the  new  gages.  Because  of  their  failure  to  function, 
however,  these  expectations  were  not  realized  and  it  cannot  be 
said  that  this  work  has  added  anything  to  the  development 
of  the  method  for  pressure  determination. 

C.  Recoil  - Motions  and  Forces. 

Curves  showing  the  motion  of  the  gun  in  recoil  up  to  ejec- 
tion are  given  in  figures  13  to  19,  pages  38  to  44.  From  the 
displacement-time  curves  as  determined  by  use  of  the  recoil- 
meters  the  usual  velocity-time  and  acceleration-time  curves 
have  been  derived  by  graphical  differentiation. 

The  pressure  in  the  recoil  cylinder  as  determined  by  use 
of  the  spring  gage  and  oscillograph  is  shown  as  a function  of 
time-  in  figures  20  to  25  pages  45  to  50.  A comparison  of  the 
results  obtained  with  this  gage  and  with  the  engine  indicator 
may  be  found  in  the  pressure  displacement  curves  on  figures 
26  and  27,  and  indicates  that  the  indicator  lacks  sufficient 
sensitivity  to  give  results  of  any  accuracy. 

T no  results  of  the  other  measurements  made  in  connection 
with  recoil,  viz.,  the  force  exerted  by  the  counter  recoil 
springs  and  the  friction  between  the  gun  and  slide  have  not 
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been  shown  in  curve  form  because  neither  varies  appreciably 

during  the  time  between  the  start  of  recoil  and  ejection. 

The  magnitudes  of  these  forces  as  determined  statically  by 

the  method  described  in  part  II  of  this  report  are  as  follows: 

S0  = Force  due  to  initial  compression  of  springs  91500  lbs 

K = Spring  constant  or  increase  in  spring  force 

as  the  gun  recoils  2100  lbs/in. 

Fn  = Friction  between  gun  and  slide  at  0°  elevation 
u Initial  value  25000  lbs 

Value  after  the  gun  starts  to  recoil  9600  lbs 

These  results  are  the  average  of  a number  of  independent 
determinations  made  both  before  and  after  the  experimental 
firing.  The  individual  records  did  not  vary  from  the  mean  by 
more  than  2 or  3 percent  as  a maximum  and  the  average  values 
given  are  certainly  not  in  error  by  as  much  as  1 percent. 

It  will  be  noted  that  two  values  are  given  for  F0  one 
initial  and  the  other  qualified  by  the  statement  I?af‘ter  the  gun 
starts  to  recoil  0??  This  distinction  was  made  necessary  by  the 
fact  that  in  making  the  measurements,  the  angle  at  which  the  gun 
started  to  leave  battery  under  its  own  weight  when  slowly  ele- 
vated, was  found  to  depend  on  the  manner  of  its  last  previous 
return  to  battery.  In  runs  made  immediately  after  firing,  in 
which  cases  the  gun  had  come  back  to  battery  with  some  velocity 
under  the  action  of  the  counter  recoil  springs,  the  angle  to  which 
it  was  necessary  to  elevate  it  in  order  to  cause  it  to  slide  out 
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of  battery  was  considerably  greater  than  in  subsequent  runs 
in  which  the  proximate  return  to  battery  had  been  induced  by 
a slow  depression  of  the  gun  to  prevent  its  acquiring  any  ap- 
preciable velocity.  In  view  of  the  tendency  of  the  gun  to 
wedge  itself  in  the  slide  when  returning  to  battery,  the  phe- 
nomenon observed  might  have  been  expected.  At  any  rate  the 
results  show  that  the  friction  between  gun  and  slide,  is,  De- 
cause of  the  wedging  action,  nearly  three  times  as  great 
initially  as  it  is  after  the  gun  has  started  to  recoil. 

The  comparative  magnitude  of  these  forces  in  relation  to 
the  other  forces  acting  during  recoil  is  shown  by  the  curves 
on  figure  34*  The  comparison  brings  out  the  fact  that  they 
are  practically  negligible  at  the  time  of  maximum  pressure 
and  amount  to  only  a few  percent  of  the  to  “foal  force  exerted 
at  any  time  up  to  ejection. 

Returning  to  the  time  records  of  recoil  the  curves  of 
pressure  in  the  recoil  cylinder  will  first  be  considered. 

For  the  low  velocity  rounds  4 and  7,  the  pressures  were  so 
low  that  the  data  is  meagre  and  unimportant.  The  curves  for 
the  service  velocity  rounds  and  for  round  five  which  was 
fired  at  somewhat  reduced  velocity,  present  a fairly  normal 
appearance  and  indicate  that  the  pressure  in  the  recoil 


cylinders  is  roughly  proportional  to  the  velocity  of  the  gun. 

In  this  they  check  the  results  of  previous  investigations  with 
the  same  apparatus.  Attention  is  called,  however, to  the  fact 
that  on  the  steep  portion  of  the  curves  representing  the  time 
interval  between  one  and  two  hundredths  of  a second  after 
start  of  recoil,  a strict  adherence  to  the  location  of  the  re- 
corded points  in  constructing  the  curves  would  result  in  a 
kink  in  this  portion  of  the  curves.  Under  ordinary  circum- 
stances and  considered  by  themselves,  these  variations  from 
e smooth  curve  might  reasonably  be  construed  as  representing 
experimental  errors  and,  in  constructing  the  curves,  for  h I 

rounds,  that  was  the  viewpoint  tanen. 

When  the  data  for  the  proof  round,  6,  was  plotted,  however, 

the  kink  was  no  longer  a mere  suggestion  but  an  unmistakable 
fact  and  became  a feature  of  decided  significance.  It  is  worthy 
of  note  here  that  the  gage  used  in  round  6 was  not  the  same 
as  that  used  in  the  other  rounds,  and  that  the  magnitude  of 
the  pressure  at  which  the  slope  of  the  curve  fell  off  was  dif- 
ferent in  round  5 than  in  the  other  rounds  in  which  the  same 
instrument  was  used.  These  facts  preclude  the  possibility  that! 
the  unexpected  results  might  be  due  to  any  defect  in  the  gages 
or  to  errors  of  calibration. 
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Because  of  the  close  relationship  between  recoil  cylinder 
pressure  and  the  velocity  of  the  gun  it  is  to  be  expected 
that  whatever  caused  the  kink  in  the  pressure  curves  would  also 
have  some  effect  on  the  recoilmeter  records  of  gun  motion. 
Attention  is  therefore  recalled  to  the  curves  of  gun  motion 
in  figures  15  and  19.  Unfortunately  for  the  purpose  at  hand, 
the  records  obtained  from  the  recoilmeter  are  of  displacement 
rather  than  of  velocity  hence  there  is  a tendency  for  the 
effect  of  small  variations  in  velocity  to  be  - as  it  were  - 
integrated  out  of  the  record,  and  their  detection  from 
displacement  curves  is  consequently  much  more  difficult. 

Bor  this  reason  it  is  not  surprising  that  there  should  be 
found  in  the  gun  displacement  curves  no  definite  variations 
corresponding  to  the  variations  in  the  points  on  the 
pressure  curves.  For  round  six,  however,  the  recoil  data 
does  show  a small  but  definite  wave  in  the  displacement 
curve  corresponding  in  time  to  the  kink  in  the  pressure  curve 
and  indicating  that,  in  this  case,  the  disturbance  of  the 
velocity  was  sufficiently  great  to  affect  the  displacement  ap- 
preciably. 

Having-  checked  back  over  the  data  completely,  beginning 
with  a rereading  of  the  oscillograph  film,  in  order  to  be  sure 
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that  the  wave  was  not  due  to  errors  of  observation,  tms  portion 
of  the  displacement  curve  was  replotted  to  a greatly  enlarged 
scale  and  differentiated  twice  to  obtain  the  correspo 
velocity  and  acceleration  curves.  The  results  of  this  treat- 
meat  of  the  data  are  shown  by  the  dotted  portion  of  the  curves 
on  figure  18.  The  solid  portions  represent  the  velocio., 
and  acceleration  values  obtained  by  ignoring  the  variations 
and  considering  the  displacement  record  as  a smooth  curve. 

The  most  likely,  and  probably  the  only  possible,  explana- 
tion of  the  records  is  that,  at  this  point,  the  projectile 
tending  to  sick  in  the  gun.  -Sticking"  is  perhaps  too 
strong  a word  because  the  curves  on  figure  18  qg  not  snow  th 
the  shell  at  any  time  lost  velocity  or  even  lost  all  its  accel- 
eration. The  cause  of  the  variations  might,  however,  be  better 
described  by  the  statement  that  at  this  point,  the  friction 
between  the  projectile  and  tne  gun.  was,  for  an 
mously  increased.  Sticking  of  the  projectile,  even  to  tne 
tent  that  the  lining  of  the  gun  was  damaged,  is  not  an  unknown 
occurrence  and  the  condition  of  the  gun  used  in  the  present  ex^ 
periment,  as  shown  in  figure  5,  was  particularly  xavorable  for 
it.  Reference  to  figure  5 shows  that  the  bore  of  tne  ,„un 
considerably  enlarged  near  the  breech  and  muzzle  but  nearly 
normal  in  diameter  at  the  middle.  The  approximate  position  of 
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the  projectile  in  the  ,31m  at  the  time  when  the  friction  be- 
tween the  two  was  at  maximum  is  denoted  by  the  vertical  line 
S ST.  It  will  be  observed  that  the  maximum  friction  and  con- 
sequent loss  of  acceleration  occurred,  not  where  the  bore  was 
smallest,  but  where  it  was  converging  most  rapidly. 

Some  idea  of  the  magnitude  of  the  friction  between  shell 
and  gun  necessary  to  produce  the  conditions  represented  in  fig- 
ure IB  may  be  gained  from  the  force-time  curve  for  this  round 
in  fig.  37.  Assuming  that  the  force  curve  calculated  from  the 
recoil  data  discussed  above  is  sufficiently  accurate  to  give 
a fair  representation  of  the  existing  conditions,  the  difference 
between  the  normal  friction  between  gun  and  shell  and  the  abnor- 
mal friction  causing  the  disturbance  is  equal  to  the  difference 
between  the  ordinates  of  that  curve  at  its  maximum  and  minimum 
points.  The  curve  referred  to  is  again  the  dotted  one  and  the 
value  of  the  momentary  increase  in  friction  so  determined  is 
approximately  2500  tons.  This  figure  should  of  course  be  con- 
sidered as  nothing  more  than  an  estimate  because  of  the  indi- 
rect method  by  which  it  was  determined. 

In  vie v/ of  the  unusual  features  of  the  data  discussed  in 
the  preceding  paragraphs,  and  the  uncertainty  introduced  into 
our  attempted  analysis  of  them  by  reason  of  the  lack  of  a direct 


determination  of  gun  acceleration  the  necessity  for  the  devel- 
opment of  an  instrument  suitable  for  such  direct  acceleration  I 
measurement  is  brought  home  with  renewed  emphasis.  The  de- 
stability  and  advantages  of  such  an  instrument  have  oeen  lonb  I 
recognized  but  to  date  no  real  progress  has  been  made  in  its 
development.  Such  an  instrument  would  be  of  the  greatest  value  j 
in  studying  the  problems  of  interior  ballistics  since  it  would 
afford  at  the  same  time  a record  of  the  motion  of  the  gun  and 
a check  on  the  internal  pressure.  It  is  therefore  to  be  hoped 
that  this  method  of  measurement  will  be  no  longer  neglected  I 

but  that  plans  for  its  development  be  given  careful  considera-  . 
tion  in  laying  out  the  program  for  future  ballistic  work. 

h.  Displacement  of  rrojMMlg-lS-SaS. * 

When  the  records  obtained  in  the  experiment  were  assembled! 

for  analysis  after  the  firing  the  value  of  the  expansometer  1 

records  was  entirely  a matter  of  conjecture.  Some  simple  method 

of  investigating  their  accuracy  conseruently  seemed  desirable, 

and  since,  as  a first  approximation,  the  displacement  of  the 

projectile  may  be  considered  to  be  proportional  to-  that  of 

. _.p  4-  >1  a n r»  iioctaoc;  tile  ClcJ  "t>3  ’/©!*© 

the  gun,  in  the  inverse  ratio  ox  tneir  masses, 

s - ,<th  the  recoilmeter  records  of  gun  displace- 
first  compared  witn  tne 

ment  on  that  assumption.  To  make  this  comparison  the  cnart  on  I 
figure  23  was  constructed.  A series  of  straight  lines  on  the  I 
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chart  was  drawn  between  the  two  points  in  each  round,  at 
which  the  displacement  of  the  shell  relative  to  the  gun  were 
known  from  other  sources;  viz.,  at  the  start  of  recoil  where 
both  are  zero,  and  at  ejection  where  the  relative  displacements 
of  the  t Y/o  are  known  from  muzzle  finger  and  recoilmeter  measure- 
ments. The  intermediate  points  were  then  determined  by  com- 
bining the  expan  some  ter  and.  recoilmeter  records  and  plotted 
on  the  chart. 

Each  point  on  the  chart  is  marked  with  its  round  number 
and  the  points  are  found  with  a very  few  exceptions  to  fall 
close  to  the  straight  lines.  Inspection  of  the  chart  then 
showed  that  the  expans ome ter  records  were  to  this  first  ap- 
proximation at  any  rate  satisfactory.  The  chart,  however, 
showed  more  than  that,  because  of  the  fact  that  the  exp  a ns  om- 
eter  points  almost  invariably  fell  below  the  corresponding 
straight  line,  particularly  in  the  middle  of  the  chart.  It 
will  be  recalled  that  the  assumption  in  which  the  straight 
line  relationship  was  based  is  only  an  approximation,  and  that 
the  lines  on  the  chart  accurately  represent  the  relative  dis- 
placement of  the  gun  and  shell  at  their  two  ends,  nnd  since 
the  relationship  between  the  two  displacements  would  be  more 
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precisely  represented  by  curves  slightly  concave  instead  of 
straight,  the  expnnsometers  were  concluded  to  he  more  accurate 

than  the  rough  method  used  to  check  them. 

The  reliability  of  the  expansometer  records  being 
established,  a more  searching  analysis  of  the  results  obtained 
-dv  their  use  was  then  undertaken.  From  the  fundamental 
equations  of  internal  ballistics  the  relation  between  the  dis- 
■placement  of  the  projectile  and  that  of  the  =t  any  loet.nt 

„5,  1,  expressed  by  the  MMU«  tmO*  ■?* 

« , . . n + arruvpte  for  most  purposes, 

exact  has  been  found  sufficiently  accur. 


(1)  (ll+m+m* ) Y +jf  dt  dt  + jj  at  dt  + jj  *3 


dt 


, in' 
= (n.  + 2" 


•)  y 


in  which 


T'l  = Mass  of  the  hun  # l . _ 

m = mass  of  the  projectile  f .oowder  and  gas 

rn'  = l ass  of  powder  or  of  the  mixture  ui  P 
‘ v = displacement  of  the  gun  in  recoil  lid 

/ = force  of  friction  between  the  cun  and  slide 
W = force  exerted  by  the  counter  recoil  »yi  G 
/:  = force  of  the  recoil  cylinder 
and  y = the  displacement  of  the  projectile  along  the  - 
of  the  t',un 


Tbc  pert  step  in  the  treatment  of  the  expensometer  records 
„as  to  examine  then  in  oonn.otlon  vith  this  equation.  All  of 

the  terms  in  the  equation .eon  be  evjmotoa -fro.  the  data 

_ „ • • o -i  rm  o y i s vnown  from  the 

secured  in  the  experimental  firing,  since  x 

_ -1  ,i  otnfio  me  as  ur  e me  n t ancl  w from  I 

recoilmeter  records,  if  and  J2  oy  btado 

the  records  of  recoil  cylinder  pressure.  It  was  therefore  pos- 
sible to  construct  and  compare  curves  representing  eacn  side^  ■ 
of  equation  (1)  os  a function  of  time,  the  values  for  the  leit 
hand  side  being  known  for  any  time  between  the  start  of  recoil  j 


. 
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and  ejection,  and  those  for  the  right-hand  side  at  ten  points 
Wrier e the  value  of  y was  recorded,  eight  by  the  expans ometers 
and  two  by  muzzle  fingers. 

These  curves  were  constructed  then  for  rounds  1,  2,  3,  5 
and  6 and  while  the  two  curves  for  a given  round  differed  by 
only  a few  percent  at  any  point,  the  values  of  y as  determined 
from  the  expansorneter  records  were  slightly  but  consistently 
higher  than  those  arrived  at  by  using  the  recoil  data. 

This  fact  indicated  the  need  for  a more  precise  equation 
to  represent  the  relation  between  the  displacements.  Starting 
with  the  assumption  that  the  density  of  the  powder  and  gas 
combined  may  be  considered  uniform  at  any  instant  and  taking 
into  account  the  effect  of  the  size  and  shape  of  the  powder 
chamber  the  following  formula  was  derived. 

(2)  (M+m+m*  ) Y + f j l^dtdt  +jj  F2dtdt  + J'j*  F^dtdt  Wm+fll-j-ip  j- 

which  may  also  be  written  in  the  form 


(l.+m+m’  ) Y + jf  Fpdtdt  + ( j Fpdtdt+  • Fodtdt 


(2a)  y = 


1 


m + 


m 


(1 


k+y 


) 


In  which  a. end  k are  constants  depending  only  on  the 
dimensions  of  the  gun  and  the  remaining  terms  are  the  same  as 
in  equation  (1). 

The  complete  derivation  of  this  formula  and  a discussion 
of  its  accuracy  are  given  in  the  Appendix  to  this  Report. 

Using  this  eouation  the  curves  in  figures  29-33  were  con- 
structed, The  solid  circles  represent  values  of  y obtained 
by  direct  measurement  using  the  expo ns ometers  and  muzzle  fingers, 
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t„  open  circles  the  values  calculated  tree,  recoil  data  by 
use  or  formula  (2a).  1M  aSreem.nt  between  these  two  rnde- 

.,,n-ipctile  displacement  is  reraark- 
■oendent  determinations  ol  pioa-c  - 

able.  neglecting  the  records  of  expansometer  ;,8,  the  one^neer- 
est  the  muzzle,  which  is  found  to  give  results  consistently  - 

at  variance  with  the  others  and  with  the  muzzle  fingers,  a more  I 
representative  curve  could  scarcely  have  been  drawn  through  the  ■ 
expansometer  points  than  the  one  formed  by  the  points  represen  I 

ting  the  results  of  tue  indirect  measurements.  I 

J with  reference  to  the  operation  of  the  expansometers  it  1 

was  found  that  for  rounds  fired  at  reduced  velocity,  the  three 
expansometers  farthest  hack  from  the  muzzie  failed  to  function. 
Beginning  with  expansometer  „4  which  was  located  about  ?2  lee 
from  the  origin  of  the  rifling,  practically  complete  records  were 
obtained  throughout  the  experimental  firing.  The  failure  of 
the  instruments  more  remote  from  the  muzzle  at  low  pressure  was! 
doubtless  due  to  the  greater  thickness  of  the  gun  to..ard  t 1 

Breach  and  the  fact  that  when  the  pressures  in  the  gun  were  be- 

• i cvf  cm  oh  v.oints  was  insufficient  to 
low  normal  the  expansion  of  such  points 

opoudb,  tb.  instruments,  for  this  experiment  the  exp.nsometers 
were  initially  adjusted  to  operate  on" service  rounds  and  no 
change  was  made  in  the  initial  adjustment  during  the  test, 
is  Possible  that,  by  changing  the  adjustment  when  data  under 
conditions  of  low  internal  pressure  are  desired,  the  instru- 
ments set  farther  back  on  the  gun  may  be  made  to  function  even! 


at  the  lower  pressure. 


Reference  has  already  been  made  to  the  peculiar  character- 
istics of  the  records  of  expansometer  7/8.  This  instiument  was 
located  less  than  three  feet  bock  from  the  muzzle  and  apparently 
opened  too  early  in  every  round  fired.  7/hether  this  behavior 
was  due  to  faulty  action  of  the  instrument  itself  or  to  abnor- 
mal conditions  existing  near  the  muzzle,  either  because  of  gas 
leakage  past  the  projectile  or  tne  reflection  and  amplification 
of  some  vibration  from  the  end  of  the  gun  is  problematical. 

This  point  may  be  settled  by  interchanging  the  instruments  in 
future  experiments. 

The  worst  performance  made  by  any  of  the  other  expanso- 
neters  was  that  of  expansometer  n 1 which  gave  a record  falling 
almost  6 percent  above  the  mean  curve  in  round  1 and  approximately 
4 percent  below  it  in  round  2.  The  records  of  the  intermediate 
expansometers  show  a variation  of  the  individual  records  from 
the  curves  of  less  than  one  percent  on  the  average,  and  not  over 
twice  that  as  a maximum. 

Because  of  the  comparatively  few7  records  obtained  at  low 
pressures,  displacement-time  curves  have  not  been  constructed 
for  rounds  4 and  7.  The  pressures  represented  by  the  curves 
which  were  constructed  vary  from  less  than  20,000  lbs/sq.in. 
in  round  5 to  over  40,000  in  round  6,  with  the  corresponding 
velocities  2150  to  approximately  3000  feet/second.  It  may  be 
concluded  therefore  that  the  operation  of  the  expansometers  is 
satisfactory  over  a .fairl3r  wide  range  of  pressure  and  velocity. 

From  the  displacement  curves,  by  successive  graphical  dif- 
ferentiations, the  velocity  and  acceleration  of  the  projectile 
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inside  the  gun  have  been  determined.  These  curves  are  also 
shown  in  figures  29-33.  Bince  the  expansometer  records  do  1 

not  begun  until  some '15  or  20  thousandths  of  a second  have  ; 

elapsed  after  the  start  of  recoil,  these  curves  are  represen- 

■ .niToota  than  of  the  expansometer  results, 

tstive  rather  of  recoil  aatd  tnan  uj. 

particularly  during  the  first  half  of  the  lecord. 

l„iW  of  th.  cur™,  or  cun  motion  and  shell  motion  for  round 

6 should  not  therefore,  he  cohstrued  os  showing  ”» 

1„  connection  with  the  friction  hetween  projectile  and  cun  I 

discussed  when  considering  recoil. 

The  difference  in  appearance  between  the  acceleration 

—t  ,rpvn  TTiimd  are  interesting 
curves  of  the  shell  and  gun  in  a given  louno. 

, ^ ^ n ftp  indirect  method 
but,  because  of  the  inaccuracies  inherent 

' thp  significance  of  these  differ- 

of  determining  acceleration,  t.  - 

ences  is  open  to  question.  The  velocity  of  the  projectile  at 
ejection  as  determined  from  the  curves  of  shell  motion  after 
correction  for  the  velocity  of  the  gun,  is  shown  m tabl 
found  to  agree  fairly  closely  with  the  velocity  determined  by 
other  methods.  Because  of  the  failure  of  the  expansometer 
nearest  the  muzzle  to  function  satisfactorily,  no  attempt  has 
been  made  to  calculate  the  velocity  near  ejection  directly 
from  the  expansometer  records. 

E.  forces 

The  forces  acting  on  the  gun  and  projectile  at  any  instan 
are  defined  by  the  following  well-known  equations  for  the  gun 


(3) 


PA  - P ' A ' = II 


d4Y 


o 


+ P + P2  - *3  + 
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and  for  the  projectile 

p a = m 


6.^  Y -nt 
dt? 


where 


A = cross  sectional  area  of  the  breech  exposed  to  the 
powder  pressure 

AT  = effective  cross  section  of  the  forward  end  of  the 
powder  chamber  on  which  the  pressure  acts  in 
the  direction  opposite  to  the  recoil  of  the  gun 

a = the  area  of  the  bore  of  the  gun  or  the  base  of 
the  projectile 

and  where  at  any  time  t 

P = powder  pressure  at  the  breech  of  the  gun 

pt  = powder  pressure  at  the  forward  end  of  the 
powder  chamber 

p = powder  pressure  at  the  base  of  the  projectile,  all 
the  remaining  terms,  being  the  same  as  used  in 
eouations  (1)  and  (2). 

comprehensive  investigation  of  the  problems  of  internal 
ballistics,  then,  involves  the  determination  either  by 
calculation  or  actual  measurement  of  all  the  terms  in  these 
eouations.  Certain  of  the  factors  involved  are,  however,  by 
nature  extremely  difficult  to  measure.  No  apparatus  has  yet 
been  devised  which  will  directly  indicate  even  approximately 
the  friction  between  the  gun  and  the  projectile,  and  the 
determination  of  PT  and  p,  also,  present  difficulties  which 
are  still  far  from  being  solved. 

The  practical  aim  of  any  ballistic  program  must  be,  there- 
fore, the  selection  of  the  factors  which  are  the  most  reliable 
for  purposes  of  analysis  leading  to  the  indirect  determination 
of  the  remaining  factors.  It  is  with  this  purpose  in  view,  that 
the  work  done  by  this  Bureau  has  been  directed  along  the  lines 
in  which  the  development  'work  has  been  carried  out. 


In  the  present  experiment,  determinations  of  varying 
accuracy  were  made  of  all  the  factors  involved  in  equations 
(3)  and  U)  with  the  exception  of  the  three  referred  to  above, 
in  order  to  make  these  data  applicable  to  a complete  solution 
of  the  equations  the  hypothesis  of  constant  density  of  the 
propelling  charge  was  developed  mathematically  as  shown  in  the 
Appendix,  to  obtain  an  equation  in  which  the  pressures  F*  and  p 
are  expressed  in  terras  of  the  other  factors  and  of  the  dimen- 
sions of  the  gun.  This  done,  the  only  unmeasured  variable 
remaining  is  F’  which  may  then  be  evaluated  oy  use  of  the 
equation.  The  solution  is  given  in  the  following  formula. 

^m+m1  1+  )}  d2v  j • I - k-l-h 

2 at 


(5)  pa  = 


- { m+m 1 [ 1-  • — ~ / ( ' 

2 i k+y  ^ dt 


d2Y 


_ m’G4^  (.AS-)  _ 

2 ( k +y i v dt  / 

where  Cy.  , k,  1,  and  h are  constants  depending  solely  on  th 
dimensions  of  the  gun. 

The  agreement  of  the  measured  displacement  of  the  projec- 
tile with  the  values  calculated  from  the  displacement  formula 
(formula  3)  is  a fair  indication  of  the  validity  of  formula  (5), 
since  both  were  derived  from  the  same  single  fundamental  assump- 
tion. If  then  sufficiently  accurate  records  were  available  of 
the  pressure  at  the  breech  of  the  gun  and  of.  the  acceleration 
of  the  gun  and  projectile,  the  value  of  F'  could  be  determined 

and  the  solution  would  be  complete. 

Unfortunately  the  failure  to  secure  more  reliable  pressure 
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records  makes  it  impossible  to  carry  through  the  determination 
for  the  friction  between  gun  and  shell  at  this  tine,  since 
the  pressure  term  is  the  most  important  one  in  equation  (5)* 

The  successful  use  of  the  formula  also  requires  accurate  re- 
cords of  gun  acceleration  and  it  is  doubtful  whether  the  present 
method  of  determining  this  factor  from  recoilmeter  measurements 
would  prove  adequate  in  any  event. 

Consequently  it  has  been  found  necessary  to  fall  back  on 
eouation  (3)  making  use  of  the  approximation  that  Pa  - PTAT  = Pa. 
This  is  the  same  as  considering  the  pressure  to  be  the  same  at 
both  ends  of  the  powder  chamber  and  neglecting  the  conical  shape 
of  its  forward  end,  the  error  introduced  by  which  assumptions 
being  similar  than  the  discrepancies  apparent  in  the  pressure 
records . 

Force  curves  constructed  from  this  approximation  of  formula 
(3)  are  shown  in  figures  33-37.  From  these  curves  the  relative 
magnitude  of  the  external  forces  and  the  internal  pressure  can 
be  obtained.  They  show  that  the  friction  between  the  gun  and 
slide  is  negligible  and  that  none  of  the  external  forces  are 
appreciable  until  after  the  time  of  maximum  pressure. 

The  truncated  appearance  of  the  fa  curves  is  due  to  the 
sticking  of  the  gage  pistons  referred  to  in  section  B of  this 
part  of  the  report,  hm  pressures  as  determined  from  the  force 
curves  constructed  from  recoil  data  are  given  in  table  3*  Since 
this  method  of  determining  pressure  neglects  entirely  the  fric- 
tion between  shell  and  gun  the  values  obtained  by  it  should  be 
too  low.  They  are  nevertheless  considerably  in  excess  of  the 
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^ , b.  the  time  pressure  gages.  They  are  probably 
values  recorded  b.  tne  wi*  y 

the  best  values  obtained  in  the  experiment,  however. 

It  would  seem  unwise  to  draw  any  conclusions  as  to  the 
value  of  the  friction  between  the  gun  and  shell  from  the  carve, 
on  figures  33-37.  Toward  the  end  of  the  record  where  the 
curves  have  the  most  accuracy  the  indications  are  that  this  a 

friction  is  small  since  the  curves  lie  close  together.  A strict 
interpretation  of  the  curves  would  indicate  a negative  friction 
at  some  places.  This  absurdity  is  of  course  due  to  the  mac-  I 
curacy  of  the  data.  An  estimate  of  the  increase  in  the  frrctxon 
under  the  abnormal  conditions  in  round  6 has  already  been  given 

in  discussing  the  recoil  records. 

From  the  considerations  set  forth  in  the  preceding  para-  3 

graphs , it  must  be  concluded  that  the  investigation  of  inter- 

. w +vip  need  for  two  instruments  of  vital 
nal  ballistics  is  faced  by  the  need  ior  u 

importance : 

(a)  a satisfactory  time  pressure  gage  | 

and  (b)  an  instrument  suited  to  the  direct  measurement 
gun  acceleration. 

Of  the  two  the  pressure  gage  is  already  well  along  in 

its  development  and  the  difficulties  remaining  to  ho  overcom 

are  mostly  of  a mechanical  nature.  Little  or  no  progress  has 

been  made  with  the  latter  instrument,  however,  and  its  develop- 

• YThicXi  Should  he  given  serious  attention, 
ment  is  a matter  wmcn  oiua 
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V.  Summary  of  Results  and  Conclusions, 

Despite  admitted  deficiencies  in  some’" 'details  of  the 

data  it  is  believed  that  the  firing  reported  herein  consti- 

* ' • ; 

tubes  the  most  comprehensive  and  fruitful  single  experiment 
3^et  undertaken  in  the  study  of  the  general  problems  of  internal 
ballistics.  In  it  data  of  unusual  significance ‘were  obtained 
in  a number  of  instances  and  the  opportunity  offered  for 
correlating  the  records  and  checking  the  results  of  diverse 
methods  of  measurements  has  led  to  conclusions  of  great  value 
and  interest.  The  chief  features  of  the  data  may  be  briefly 
summarized  as  follows: 

1.  Velocity  - Of  the  methods  of  velocity  measurement  adapted 
to  precise  work,  ashore,  the  results  obtained  by  the  use  of  the 
contact  screens  and  solenoids  are  found  to  possess  a degree 

of  accuracy  sufficient  for  all  practical  purposes..  There  is 
little  to  choose  between  these  two  methods,  the  contact  screens 
giving  if  anything  a.  slightly  greater  accuracy.  , ... 

The  ejection  vel ocity detem inations , while  naturally 
falling  somewhat  below  those  mentioned  above  in  accuracy  indicate 
that  this  method  has  been, brought  to. a stage  of  development  where 
reliable  results  may  be  obtained  even  under  adverse  conditions. 

2.  Pressure.  - No  advancement  in  the  development  of  .pres- 
sure recording  is  shown  by  this  experiment. . The  results  are 
valuable  chiefly  in  emphasizing  the  necessity  for  improvement 
in  the  mechanical  features  of... the  gages. 
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3v  a?CSgternal  Forces  Acting  During  Recoil  - A complete 
time  record  of  the  external  forces  incidental  to  recoil  of  the 
gun  was  for  the  first  time  obtained.  A simple  method  developed 
for  the  determination  of  spring  force  and  friction  between  the 
gun  and  slide,  makes  it  unnecessary  for  the  future  to  rely  on 

approximate  data  on  these  forces. 

The  records  of  pressure  in  the  recoil  cylinder  were  found 

to  show  not  only  the  magnitude  of  the  force  acting,  but  also, 
to  be  sufficiently  precise  to  detect  the  existence  of  abnormal 
conditions  existing  within  the  gun,  this  offering  a check  on 
the  records  of  gun  motion. 

b.  Motion  of  the  Gun  - The  recoilmeter  measurements 
made  in  this  experiment  are  chiefly,  interesting  in  their  rela 
tion  to  the  records  of  projectile  displacement  and  recoil  forces 
The  possibilities  of  the  combined  measurements  are  well  exempli- 
fied by  the  results  obtained  in  the  proof  round  in  which  some 
abnormal  condition  inside  the.:  gun  are  indicated  by  the  records 
both  of  recoil  and  recoil  cylinder  pressure.  That  the  unusual 
records  were  caused  by  a brief  but  comparatively  enormous  in- 
crease in  the  friction  between  the  projectile  and  the  gun,  i.e., 
by  a tendency  of  the  projectile  to  stick  at  a point  in  the  bore, 

there  can  he  but  little  doubt.  • , 

The  analysis  of  this  portion  of  the  data  shows  the  desira- 
bility of  proceeding  with  the  development  of  an  instrument 
suitable  to  the  direct  measurement  of  gun  acceleration. 

A.  Displacement  of  Projectile  in  Gun. 

By  use  of  the  expansometers  a direct  measurement  of  the 
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displacement  of  the  projectile  inside  the  gun  was  secured 
for  the  first  time,  so  far  as  is  known,  by  a method  in  which 
the  apparatus  was  entirely  external.  The  close  agreement  of 
the  expansoxneter  records,  and  the  values  calculated  from  recoil 
measurements  is  gratifying  evidence  of  the  accuracy  of  the  one 
and  the  soundness  of  the  other.  The  advantages  of  the  expan- 
someter  method  may  be  enumerated  as  follows: 

a.  Simplicity  of  the  apparatus. 

The  apparatus  is  by  no  means  complex.  It  can  be 

installed  on  any  gun  with  little  effort.  The  gun 
need  not  be  pierced  nor  otherwise  damaged. 

b.  Simplicity  of  Operation 

The  expansometers  once  installed  are  practically 

automatic  in  their  operation.  a11  tests  may  be 
conducted  from  the  laboratory  or  some  other  remote 
point.  During  the  experiment  not  a single  adjust- 
ment was  necessary  in  any  of  the  eight  expansometers 
used . 

c.  Simplicity  of  Interpreting  Results 

The  record  given  by  the  expansometers  shows  directly 

the  displacement  of  the  shell  as  a function  of  time. 
No  intermediate  calculation  is  necessary. 

3.  Norces 

The  chief  value  of  the  section  of  the  report  dealing  with 
forces  lies  in  the  exposition  of  the  present  status  of  ballistic 

i t * 

measurements  and  in  pointing  out  the  lines  along  which  future 
work  should  be  conducted  in  order  to  obtain  a complete  solution. 
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6.  Theory 

The  new  formulas  for  internal  ballistics  used  in  this 
report,  the  development  of  which  is  given  in  the  appendix  make 
possible  a better  correlation  of  experimental  records.  The 
usefulness  of  these  formula  is  apparent  from  their  applxca- 

tion  to  the  present  data. 

7,  Future  Development 

The  results  obtained  in  this  experiment  indicate  clearly  • 
the  lines  along  which  a ballistic  program  should  be  directed. 

Two  vital  factors  require  careful  attention. 

(a)  The  completion  of  development  work  on  the  powder 

pressure  gage. 

(b)  The  development  of  an  instrument  for  the  direct 

measurement  of  gun  acceleration. 

The  pressure  gage  work  is  already  being  prosecuted  vigor- 
ously by  the  Laval  Research  Laboratory  and  the  Proving  Grounds,  I 
and  the  improvement  in  mechanical  operation  of  the  gage,  which 
appears  to  offer  the  sole  remaining  difficulty,  should  he 

speedily  obtained. 

The  acceleration  measuring  device,  however,  has  not  to  date 
been  given  the  attention  it  deserves  and  its  development  is  a , 

matter  which  should  no  longer  be  neglected. 

Once  these  two  instruments  have  been  brought  to  a really 
satisfactory  stage  of  development,  the  friction  between  the  gun i 
and  shell  can  be  determined  with  an  accuracy  far  surpassing  any- 
thing so  far  attainable.  The  importance  of  this  friction  cannot* 
be  denied  in  view  of  the  results  already  obtained. 
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The  final  step  would  then  consist  of  a repetition  of  this 
experiment,  which  with  the  advantages  of  improved  gages,  should 
prove  to  be  by  far  the  most  valuable  work  ever  attempted  m 
the  field  of  internal  ballistics. 


October,  1924 


Numerical  Test  of  the  Ballistic  Equations 
of  the  Dahlgren  Firing  of  1923 

C.  Snow  (1942) 


I.  Introduction 


The  data  here  discussed  are  obtained  from  field  and 
laboratory  notes  of  the  experimental  firing  of  a 14,f-50 
calibre  naval  gun  Mark  IV,  Mod.  3,  Serial  No.  89L2.  The 
general  results  were  given  by  the  Bureau  of  Standards  to 
the  Naval  Bureau  of  Ordnance  in  a report  entitled  nA  Cor- 
relation of  Diverse  Ballistic  Records"  in  Oct.  1923.  V/e 
consider  only  the  seven  experimental  rounds  with  varied 
charges  for  which  fairly  complete  time  records  were  ob- 
tained of  the  recoil  Y(t)  of  the  gun,  the  powder  pressure, 
and  the  external  forces.  From  these  by  the  principles  of 
dynamics  with  a reasonable  assumption  as  to  the  mean 
velocity  of  the  burning  powder  and  gases,  the  relative  dis- 
placement y(t)  and  velocity  y(t)  of  the  projectile  may  be 
found  as  well  as  the  frictional  force  F(t)  between  the  gun 
and  the  shell.  Estimates  are  also  obtained  of  the  force 
Fs  necessary  to  start  the  shell  and  of  the  time  interval 
that  elapses  between  its  start  and  the  beginning  of  recoil. 

The  travel  of  the  shell  and  its  velocity  thus  com- 
puted is  compared  with  observations  at  time  t of  ejection 
of  the  shell,  since  the  former  must  be  equal  to  length  of 
the  rifling  and  the  relative  velocity  at  ejection  was 
measured  by  means  of  three  pairs  of  contact  fingers  at  the 
muzzle,  one  of  each  pair  making  contact  with  the  shell  near 
the  ogive,  the  other  at  the  front  end  of  the  rotating  band. 

In  addition  the  travel  of  the  shell  was  observed  by  a series 
of  expansometer  hoops  around  the  barrel  whose  electrical 
circuits  were  opened  by  the  bulge  that  travels  along  near 
the  base  of  the  shell. 

The  internal  energy  of  the  burning  powder,  its  rate 
of  burning  as  it  depends  upon  pressure  and  size  and  shape 
of  powder  grains,  etc.  are  subjects  properly  belonging  to 
internal  ballistics,  but  are  quite  outside  this  discussion. 

The  dynamical  behaviour  of  the  burning  powder  in  the  large  , 
and  on  the  average  ,is  represented  for  the  present  argument 
by  two  things.  The  first  is  the  reading  P(o,t)  of  the 
pressure  gage  in  the  breech  and  the  second  is  the  inertial 
effect  of  the  fluid  (powder  and  gas  together)  as  it  is 
influenced  by  the  initial  and  the  changing  shape  of  its  volume. 


Bi,. c V...  :::j  , o fai.f 


- ..  il. «.  - ■ • » . >..•<  J 


D 


. n , : . 


b n .e  x e .....  i 2 . o r i * : 7 . e !... 


b e b b i;  l.  a 2 b j i .• . j *_•  b s * <T 


Uva 

’ ‘ v r 
'■  ■ - 

• . ..  ..  ’ .'. 

X L Sv3Rl'i* 

; TAr*  «»  • -1 

x - - 3 ...  V 

to  1-  tstoii  VIOvf‘^ICd‘0. 

snd 

. 

. 

Xl0C-  . . 

3 ■.  * • - — ’«• 

L . ii”  Ix-rsa  eidils 

- «*■  »*• 

c.  go  ; 

L’li;... 

vd  n >vxs 

.:X  a - • X -.•  . . . .: 

*?  ” ~ 

f,  i.  i ^ ...  W 

* 

V . J 

ioqsi  0 a 

! ..*V  r)rrfi 

to  xgbil  H iBVft  erf. 

r-<  n r 

mT  r.  % - 

5^;  •“  *>/ 

n f T J)  * f : • T 

'•  »>  •*  ■•  *-fT  3 r.  rs  ■-*'  ...  : ^4 

*■-'  * i 

* * 

V - < • ' -u 

J.  V-.  »%'  - 

v-’  — * — ‘ -i-  • - A 

IZ-Jl 

+ ' 

._  ^ . A.  <J  .i. 

O*;,  i '•  J ?'  37. 

2i  ',rs  i.  v 

i.  ‘ ... 

- X o 

• e*iew 

>*2C  v y 

X 3 f j C'  S 

2 ./-■  c v , .i 

o’  . X--  *7  ' xli 

..  r-jJSV-.  0.1  ■, 


U;J 


.o  vv-  " Jloesi 


IC  3;.  _ D 


2 ipcliq  arid  ecexltf  saoi*»I 


naen 


...b;l  arid  nsa^v  b ' « ) 


yi.  ..  O x 


1 IS  13  i ll ■ 


S .QC  BO  S, 

fi 

r i so. 

. U.l>'  l . ' 1 

« 

l a 

. j7  hi 

! 0 

y.  -5 

X,  JL.  S i 

* .k  f.  rr 
X - - 0.1 

> • ’ o >' 

Ijx.v ci .? ■. .2  ■ . 1 '.o  : r a XX  : 


; .:C3‘: 


i -l 


•4  -4  er-  -t  r^j  ^ f a . . -| 

•--  . ..  J X wu'  c.  V . . -•  \X  ^>1$ 

lb  f it:  3 3 33 1 g 0£  ?Ie  * r . ,r 


: oo J.sv  ecfx  2j  a a ? to  le v bid 

. 3fl  X 10  BC 


-no  o a r ." 

! ' e : 

Xr  . •cb-u..3J  ' X • *;• : ct s l.hl  e i..ri  a'L  - la  «o.  .3  . . I .-  ? - X -•  to 

...  . . I © •;  . , •, •..  . iyX.  < -v,  . ...-.  2 i 

8*  ■ 2 ..  d ■ • •■  « ..  . . an  ...  - 

& :■  . .-.  o alii  ' . “ ... 

Sfjncf  •ii  IX.  Xc-x  3 -ft  to  brie  dr  oil  .* 

i’r.sa  a Davie-,  do  aew  Xlv..  r"a  and 


lOliw  U V/  -»1U 

. ?*r.t  -'..I 


O t-  J 

bbjti  3± 


OSOX1V/  j.9*. 


“ BG: 


V-*  ..-•  JL-  - * 1 »- 


„ G J*; O IB  c OOI  ' ilL'-i  >1  : 1 it 

. * G . \'.j  .r.  3’ O '3“i£  v Ut  liit  J.  •_» 


eaj  jo 


i \- 


atr.r  3D  i 


pt  r-  3*  + * pr.  e f r« •».-*<  ^ 

--  -•  ^ X.  C*  - — 3-J  a ^ ' 

q r -**o  rr  f r .4v  "m  ■ : 

O # <.  w ^ Ju  >-  S - t • . 


eqax ia  dlj3  ssxe  one  ©lur-eoiq  is  go 
cD  ^nx‘Anol0‘i  ^Iisqoiq  E^o.arcfjjs 

8X  ,/  ' ' ...  ■.  . . . ; . ‘ 

. at  i€  ■ ' . . ..  . 

...  . B ■ - ....  lot  , . .... 

oii?  to  i 2 tc  ;’i  ;..nxXs  Jri  y , .t  r/x  D’aiit  ex 


? -’  .i 

- -■  -L  . . 

ci 


f.  . S ...  O.  ‘ : . ■.  r .tJTJ 


1a3:3  ..  fJb  ' 3 

. : . . c' 

;:  *.  f C>  - «T  ^ 


C ...  :• 


-2- 


This  inertia  cannot  be  altered  by  any  chemical  transforma- 
tion. Renee  the  following  discussion  of  the  fluid  motion 
has  for  its  aim  to  find,  from  the  conservation  of  mass  and 
momentum,  the  space  variations  of  powder  pressure  which 
must  accompany  accelerations  of  the  fluid  and  the  shell. 

By  relating  the  instanteous  position  of  the  center  of 
gravity  of  the  powder  to  the  travel  of  the  shell  an  expres- 
sion is  then  obtained  for  the  pressure  on  the  shell  which 
shows  it  is  less  than  the  recorded  pressure  at  the  breech 
by  a small  amount  depending  upon  the  acceleration  and  travel 
of  the  shell.  From  this  the  friction  F(t)  between  gun  and 
shell  may  be  found,  but  the  degree  of  confidence  we  may  have 
in  this  evaluation  of  the  unobservable  friction  will  depend 
upon  the  closeness  with  which  the  system  of  equations  pre- 
dicts observable  magnitudes  such  as  travel  and  velocity  of 
shell • 


II.  The  Three  Equations  of  Motion 

The  approximate  shape  of  the  powder  chamber  is  shown 
(not  to  scale)  in  fig.  1.  The  length  2 = 74*34"  = 6.195  ft. 
of  the  cylindrical  part  has  a radius  b * 8.25"  * *687  ft. 

Then  it  tapers  with  a conical  region  to  the  radius  c = 7" 

= .583  ft.  of  the  bore.  The  axial  length  of  this  conical 
section  is  h = 20n  = 1.667  ft.;  the  length  of  the  rifling 
is  49*8  feet. 

Letc$.(t)  denote,  at  time  t,  the  total  axial  component, 
recFbned  positive  in  the  direction  of  motion  of  the  shell, 
of  the  force  on  the  gun  due  to  powder  pressure  on  the  Surface 
of  the  powder  chamber.  If  P(z,t)  in  general  denotes  the 
mean  pressure  taken  at  time  t over  any  plane  circular  section 
of  the  powder,  which  is  distant  z from  the  plane  of  the  breech, 
then  the  pressure  on  the  base  of  the  shell  where  z » y(t)  is 
P ( y , *b ) , y(t)  being  the  distance  of  the  base  of  the  shell  from 
the  breech  at  time  t,  so  that  y(t)  * d y(t)  = relative 

cTt 

velocity  of  shell  to  the  gun.  The  mean  pressure  over  the 
-breech  is  P(o,t)  and  this  is  considered  a known  function  of 
the  time,  found  from  pressure  gages  in  the  breech. 

The  total  external  force  D(t)  is  taken  as  positive  in 
the  direction  opposing  recoil,  and  is  known  with  a certain 
precision  over  the  interval  from  start  of  recoil  t « o to 
ejection  time  t^  * .03  seconds.  The  velocity  and  acceleration 
of  the  shell  relative  to  axes  fixed  in  the  earth  are 
y(t)  - Y( t)  and  ^(t)  - ¥(t)  respectively.  If  y(t)  denotes 
the  distance  at  time  t from  the  breech  to  the  center  of 
gravity  of  the  fluid  (powder  and,  gas  together)  then. its 

velocity  and  acceleration  are  respect ively  ~y  (-t  ) 5UO  and 
y(t)  - Y(t). 


Hence  the  three  equations  of  dynamics  are 

1)  M Y(t)  = Tib2P(o,t)  - fl.(t)  - F(t)  - D(t) 
g 

2)  m (y(t)  - Y(t))  * TTc2P(y,t)  - F(t) 

g 

3)  5 (y(t)  - Y(t))  - irb2p(o,t)  -fl(t)  -iro2P(yT,t) 
g 


Subtracting  equation  (1)  from  (2)  gives 


4)  m y(  t)  = (M  + m)  Y + D( t ) 
g g 


The  pressure  terms  here  represent  the  total  force 
accelerating  the  fluid,  so  that  by  (3)  this  equation  may 
be  written 

5)  m y(t)  + m y(t)  = M'Y(t)  + D(t) (M*  = M+m+m) 

g g g 


where  the  time  is  measured  in  seconds  and 
M * the  effective  mass  of  the  unloaded  gun  in  pounds, 
m = the  mass  of  the  shell  * 1400  lbs 

m « the  mass  of  the  powder  charge  » 4B4  lbs  for  service 
rounds,  but  this  was  varied  from  230  to  518  lbs  in  the 
experimental  firing. 

6a)  the  effective  mass  of  the  loaded  gun. 

If  all  displacements  are  in  feet  and  the  forces  in  pounds 
weight, then  g = 32.2.  Since  pressures  are  in  pounds  per  sq 
inch  the  radii  b and  c in  these  equations  must  be  in  inches. 
The  effective  mass  of  the  gun  is 

6b)  M * Mq+  mg 

where  M0  is  the  mass  of  the  unloaded  gun  and  mg  is  the  mass 
of  the  recoil  springs  which  is  very  small  compared  to  MQ. 
Under  these  circumstances  since  one  end  of  the  spring  is 
fixed  to  earth,  the  other  end  to  the  gun  and  moving  with  it, 
the  velocity  and  acceleration  at  any  point  of  the  spring  is 
proportional  to  its  distance  from  the  fixed  end.  Hence  the 
average  acceleration  of  the  spring  is  half  that  of  the  gun 
and  therefore  half  the  mass  of  the  spring  is  added  to  the 
true  mass  M0  of  the  gun  to  give  its  effective  mass  (when 
unloaded).  This  argument  is  based  upon  the  fact  that  the 
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mass  of  the  springs  is  only  4 percent  of  that  of  the  gun 
and  the  velocity  and  acceleration  are  small  compared  to 
those  belonging  to  free  vibrations  of  the  spring.  If 
this  were  not  the  case  and  the  masses  were  comparable, 
the  correction  would  be  more  nearly  ms. 

^ ■ 

All  entries  in  the  original  field  notes  of  1923  place 
the  mass  of  the  springs  as 
ms  = 7116  lbs 

In  two  places  the  total  mass  of  those  parts  of  the  hydraulic 
brake  (recoil  pistons,  plungers,  etc.)  which  move  with  the 
gun  are  placed  at  2242  lbs.  The  masses  in  two  places  are 
itemized  as  follows: 


r 


Gun 


6c) 


< 


Yoke  = 
Breech  Block  « 
M0  - 
ms  = 
~T 


191,660  lbs  — (Apparently  this  includes 

the  2242  lbs) 

12,145 

1.766 

205,770  lbs  (In  calculating  friction  M0 
3,558  was  taken  as  206,000  lbs) 


M * M0  + ms  * 209,330  * effective  mass  of  unloaded 

77 

gun.  (In  the  report  M was  taken  as  208,000  as  with  a 
spring  correction  ms). 

^ ~T 

The  mass  of  the  shell  was  m * 1,400  lbs  for  all  rounds. 
The  powder  charge  fpv  service  rounds  was  484  lbs.  Hence 
the  effective  mass  M*  * M+m+mf  for  the  loaded  gun  is 


6d) 


M*  * 211,200  lbs  for  Round  1,2,3(2*484  lbs)  and 

for  Round  6,m  * 516 

* 211,100  lbs  for  Round  5 (m  « 368) 

* 211,000  lbs  for  Rounds  4 and  7 (m  = 230  and  240) 


Examination  of  the  recoil  data  shows  the  remarkable  fact 
that  during  more  than  half  of  the  time  from  start  of  recoil 
to  ejection  the  recoil  may  be  represented  very  accurately  by 
the  equation  Y(t)  * At^.  By  plotting  log  Y against  log  t, 
the  greater  part  of  the  curve  is  a straight  line  but  the 
deviations  are  important  before  ejection.  It  is  then  found 
that  throughout  the  entire  recoil  period  to  ejection,  the 
recoil  is  given  with  error  almost  imperceptible  (less  than 
.02”  at  any  point)  by  the  empirical  equation 

7a)  Y(t)  « where  2«X  3 

so  that 

7b)  Y(t)  -c< At*"'  „ / 

u V B'tX)  2 
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7c)  Y(t)  -<A±- 

• 0» 

The  derivatives  Y and  Y may  he  computed  by  (7)fc  and  (7)c 
as  accurately  as  Y by  (7)a  and  with  very  little  labor* 

The  formulas  (7)fc  and  ( 7 ) o represent  the  derivatives  of 
the  function  Y defined  by  (7)a  with  all  desirable  accuracy. 
But  if  (7)a  differs  from  observed  recoil  everywhere  by  less 
than  1/2  of  1 percent  it  does  not  follow  that  (7)fc  and  7c 

will  represent  recoil  velocity  and  acceleration  with  any 
such  precision* 

III.  The  Velocity  and  Density  of  Powder  and  Gas 

If  c is  the  radius  of  the  bore  and  r(z),  for  o<z  c£+h, 
is  the  radius  of  the  powder  chamber  where  r \s  any  contin- 
uous function  of  z such  that  r(o)  ■ b and  r(jl+h)  * c the 
volume  V of  the  powder  chamber  is 

/o2+h 

8a)  V * nj0r^(z)dz  The  total  charge  m is  confined  to 
this  volume  before  the  shell  starts J for  tS-.'f. 

__ 

8b)  m * J0  pi z,- / )dz 

where  in  general  p{ z,t)  is  the  linear  density  of  the  fluid 
(powder  and  gas  t/ogether  in  a statistical  sense). 


The  mass  m(z,t)  which  at  any  instant  t is  contained  between 
the  plane  of  the  breech  z = 0,  and  a plane  distant  z from 
the  breech  (whether  this  plane  be  fixed  or  moving)  is 


9a) 


m( z,t ) 


t)dzi  (which  gives  m(y,t) 


- m) 


The  distance  sp(z,t)  from  the  breech  to  its  center  of  gravity 
is  defined  by  * 


9b)  m(z,t )sy\  (z,t)=  f zi^(zTt)dz«  (when  z = y this  gives 
* ' ' ^(y,t)  * f(t)  - 


The  volume  density/^,  may  be  considered  a function  of  z and  t 
since  variations  or  density  at  all  points  in  the  same  plane 
may  be  considered  negligible.  Then 


ar2(z)J^.  (z,t) 
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To  express  the  fact  that  mass  is  neither  created  nor 
destroyed  at  any  point  at  any  instant  let  u(z,t)  denote 
the  mean  fluid  velocity  relative  to  the  gun.  If  the 
plane  z then  moves  say  z = z(t)  with  the  mean  relative 
fluid  velocity  z(t)  « u(t)  it  will  remain  the  boundary 
of  a fixed  mass  of  fluid  so  by  (9a) 

(z(t) 
m" 


(z,t)dzi  = constant  with  time, 
d m(z(t)  ,t)  = 0 -P(z,t)  *E(z,t)  + fp  (z,t)dz, 


or 


or 


10a)  u(z,t)  ^ 1 


f>  (z,t)dz 


which  is  an  integral  form  of  the  equation  of  con- 
tinuity, Its  differential  form  is  the  partial  differ- 
ential equation  which  results  from  applying ^ toptimes  this 

1 


The  mean  relative  fluid  velocity  u(zt)  vanishes  at  the 
breech  where  z = 0 and  is  equal  to  the  shell’s  velocity 
y(t),  Assuming  that  it  varies  linearly  gives 

11)  u(z,t)  = y(t)_z  opz^yft) 

yTt) 

With  this  u the  equation  of  continuity  (10b)  becomes 


12)  (zp)  = 0 

at  y ?z 

Let  d)(x)  be  a function  of  its  variable  x defined  only 
for  the  range  0<(  x^  1 which  is  arbitrary  except  that  (b^(x) 
are  continuous  and 


13)  <f>(°)  - 0.  4>(1)  = 1 


Then  the  general  solution  of  the  partial  differential 
equation  (12)  may  be  taken 

14a)  p(z,t)  * m = m so  that  (9a)  and  (9b) 

become 


14b)  m(z,t) 


14c)  m(z 


(z,t) 


m ylt)J~y 


(x)dx  which  gives 
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when  z = y 

14d)  y(t)  * j|.t where  y(-?~) 


(x)dx 


The  assumed  fluid  velocity  u is,  by#  (11),  everywhere 
zero  when  t = -<**(y(-?i  =0)  so  by  10b)  p r 0.  This  how- 
ever, is  compatible  with  an  arbitrary  initial  distribution 
of  linear  density  p(z,  -?-)  = an  arbitrary  function  of  z. 
This  determines  the  function d> 4 (x)  for  0^  x<^  1 for  (14a) 
becomes  at  time  , 1 x 


14e)  “ <f>'  U)  * ^ P ( z , -?“)  = i+h  p(A+h)x,  -•£) 

where  xfr  nz.  so  z = (£+h)x.  When  the  initial  density 
JL+ h 


distribution  is  known  this  determines  the  function  *x)  • 
Whatever  the  initial  density  distribution  it  is  evident 
from  I4d  that  we  may  define  the  hydrodynamic  mass  m*  of  the 
:owder  by 


15)  m1  = m + m where  is  the  distance  from 

breech  to  center  of  gravity  of  powder  when  the  shell  starts* 
Then  since  by  (14d)  7(t)  * y ( -7p)  y(t)  and  y (t)  = y ( -2~)  y(t) 
equation  (5)  becomes  -S+h  ji+li 


16)  m*  y (t)  = MfY( t ) + D(t)  for  t 

g € 


If  the  powder  chamber  had  everywhere  the  constant  diameter 
of  the  bore,  and  if  the  initial  density  were  uniform, 

y (-"H  ni  would  be  m which  is  Seberts  approximation  for  the 

inertia  of  the  powder*  It  is  remarked  by  C.  Cranz; 

Lehrbuch  der  Ballistik  II,  p.  379  that  this  approximation 
has  generally  been  sufficient  in  practice*  However,  he 
considers  only  the  case  of  a uniform  tube*  It  seems  that 
the  observations  of  pressure,  recoil,  and  velocities  made 
by  the  Bureau  of  Standards  are  worth  a more  accurate  eval- 
uation* The  ratio  of  cross  section  of  powder  chamber  to 
bore  is, in  our  gun, 1*4  so  there  is  no  justification  for 
such  a rough  approximation.  Moreover,  there  are  indications 
that  in  the  low-pressure  rounds  4,  and  7,  the  powder  density 
may  have  been  very  non-uniform  at  the  time  the  space  was 
opened  up  as  the  shell  began  to  move.  The  powder  is  only 
partially  burned  so  that  a denser  or  lighter  fluid  begins 
to  follow  the  shell  according  as  the  center  of  gravity  was 
initially  nearer  the  shell  or  the  breech. 
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In  round  (6)  the  charge  m = 518  lbs  is  2.2  times 
the  charges  230  and  240  lbs  of  rounds  (4)  and  (7). 

Hence  more  than  half  the  powder  chamber  was  empty  before 
ignition  of  the  latter  charges. 

In  Hayes  "Elements  of  Ordnance”  p.  81,  it  is  stated 
that  ”with  small  densities  of  loading,  there  is  consider- 
able variation  in  muzzle  velocity,  due  probably  to  non- 
uniform  ignition,  and  the  fact  that  portions  of  the  charge 
may  be  hurled  against  the  base  of  the  projectile  and  broken 
up.  There  sometimes  results  pressure  singes  or  waves  of 
considerable  intensity.”  It  would  appear  from  this  that 
the  initial  center  of  gravity  might  be  near  either  end  of 
the  powder  chamber.  Hence  in  allowing  for  a possible  non- 
uniformity of  initial  density  we  may  find  an  explanation 
of  the  unpredictibility  of  behaviour  of  low-pressure  rounds. 


For  rounds  with  powder  charges  not  greatly  different 
from  the  service  charge  for  which  the  gun  was  designed,  it 
is  unreasonable  to  assume  non-uniform  volume  density. 

Before  working  out  this  case  it  is  easier  to  consider  first 
the  non-uniform,  in  which,  since  we  do  not  know  the  distri- 
bution it  is  simpler  to  deal  with  linear  instead  of  volume 
density.  If  the  initial  linear  density d z, -r)  is  a linear 
function  of  z,  then  since  the  total  charge  is  m,  it  is  found 
to  be  of  the  form,  where  B is  some  constant 

17a)  P(z,->-)  *=  m [l  ~ B + 2B  — 1L.  | where  -1<^  B(  1 

1 I+EL  JT+h) 

so  that  by  (14e) 

17b)  (p*  (x)  ■ 1 - B + 2Bx  so  pfc)  - (l-B)x  = Bx2  for  0<  x< ' 1 
hence  equation  (14a)  becomes 

17c)  p(Zyt)  = m J~i  - B + 2B^jj 


and  (14b)  is 

17d)  m(z,t)  = xf(2)  mEfU~B+Bfj 
This  gives  for  determining  mT  by  (13) 


17e)  y(->  ) =1  fl  + B|  where  -1/  B (1 

Tt+K  E L Jj 


so  that  with  the  disposable  constant  B,  the  mass  mT 
could  be  given  values  between  mt  = m + m and  m + 2m 

3 “T 

corresponding  to  the  initial  linear  density  (17a). 
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We  consider  from  now  on  the  more  probable  case  where 
the  initial  volume  density  is  uniform. 


18a)  (z,-?")  ■ m * constant  where  V is  the  volume  of 

y V 

the  powder  chamber  which  with  b,  c and  h is  numerically 
SjLven  in  the  designers’  drawings  and  the  effective  length 
JC  used  here  is  thereby  determined.  The  linear  density  is 

18b)  p(z,-7T)  = (z)  (for  initial  uniform  volume 

* 7 density) 

Reference  to  fig.  1 shows 


18c)  r(z)  ■ b 
= c 


— - if  0(  z / X 

t1  lf ^ “ 


= C - if  Jt  + h % 2 


18d)  £ = = .1786,  £' 

c 


.0320  h = .2690,  b2  „ .0724- 


z I2 


18f)  V = (b2+bc+a2) 


= uc 
and 


^fl  + 2£+£2+b^1  + f + €2jj  = ito2l(  1.709)  « 11.316 

l-  cu.  ft. 


18g)  y(-T)  - TO2j~C#+h)2  +£^2+/h+  h2j  + |.2^2+  2^h  + h2j 


3.830 

ft. 


so  that 


18h)  H 1 ■ -t87l 


(xi)  [2 


1 + Z£‘ 


(l  +£  ♦ y 


On  the  hypothesis  of  initial  uniform  volume  density 
which  we  adopt  in  general,  this  equation  (I8h)  is  to  be 
used  in  (15)  for  the  mass  m* . If  we  wish  to  consider  cases 
of  non-uniform  initial  density  of  type  (17a)  then  (17e)  is 
to  be  used  in  (15)  for  m* . 


For  the  uniform  initial  volume  density  which  is  con- 
sidered, unless  otherwise  stated,  we  find  by  (14©)  and  (18b) 
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or  by  (18c) 

19a)  <^f(x)  j Hb2  — when  O x ^ jSe 

19b)  p'{x)  - (l+dftrc2  j 1 + t^hj  (i-z)|  2 — when  ^ £ x ^ 1 

Integrating  this  gives  since  ^(0)  * 0 and  <^(1)  =1 
20a)  ${x) 

20b)  0(x) 


when  °<x<  A 

(i,+h)Tt  ^b2x  . b(b-c)  ue+h)^x-AJ2+  t£+h),2 

•(‘■jfejf ' = l ‘ f 'i-11 

* i[e(¥)  ll-*J 


if  .-JL 

jr* 


< 1 


Using  the  expressions  (19a)  and  (19b)  in  the  general 
formula  (14a)  the  explicit  expression  for  the  linear  density 
as  a function  of  z and  y becomes 

21)  p(z,t)  = mC^+h)gb2  when  O^z  < y(t)  - .788  y 

. m(^fh|pc2  |i  -t-CiilMfi  - |)j  when  ^ y(t)<z  ^ y(t) 

The  instantaneous  pattern  of  density  distribution  may 
be  pictured  by  considering  the  moving  plane 

z = j y(t)  55  *788  y(t)  which  is  the  boundary  of  a region 

of  uniform  linear  density  on  the  left  and  one  of  decreasing 
linear  density  on  the  right  which  decreases  until  at  the 
base  of  the  shell  its  value  is  x2  times  (or  .72  times)  its 
value  at  the  breech.  5* 

It  is  of  more  interest  to  picture  the  volume  density, 

g ^(z, t)  9 which  is  always  uniform  in  the  cylindrial 
' irr2(  z) 

part  of  the  powder  chamber  but  has  a maximum  value  and  de- 
creases until  at  the  base  of  the  shell  it  has  returned  to 
the  value  at  the  breech.  There  is  a small  transition  interval 
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of  time  in  which  the  shell  travels  a distance 


y - 1 - h 


<i  * k) 


2.11  feet  during  which  the  volume 


density  in  the  conical  region  changes  from  uniform  to  a 
final  distribution  which  remains  relatively  the  same  there- 
after, then  falling  off  uniformly  with  time  due  to  the 
increasing  y which  is  a factor  of  the  denominator.  The 
point  z * X+h  always  has  the  maximum  volume  density  which 
is  a point  maximum  during  the  first  interval.  When 

y * h^l+j this  maximum  volume  density  becomes  39  percent 

higher  than  at  the  breech.  After  the  shell  has  moved  more 
than  2.13  the  maximum  value  extends  from  z =J?+h  to  z=jjy  . 

Jc+h 

Beyond  this  point  the  volume  density  decreases  toward  the 
shell  reaching  there  the  value  at  the  breech.  If  we  let 

a « s , the  expressions  for  the  volume  density  are 

At  a time  in  the  transition  interval  0(y-|-h^h|l+  Jl  = 2.11  ft. 
the  volume  density  is 


22a)  £ p (z,t)  = 1 if 


cylindrical 


b2 


A 7 
I7E 


p WFSf 


conical 


ifj^+h^z^  y (bore) 


At  a time  in  the  remaining  interval  y-4rb*2.11  to  ejection 
the  density  is 

22b)  y ^ 
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c2 


1 if  O^z  v(  i Cylindrical 

2 1 ^ if  +h  Conical 
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Since  £ = it  is  evident  that  the  density  is  a continuous 
c 

function  of  z and  at  the  time, but  its  z-derivative  (although 
always  finite)  has  finite  discontinuities  so  the  point- 
maximum  (when  it  exists)  of  the  curve  plotting  d against  z 
for  any  instant  t is  a cusp.  After  the  transition  period, 
this  maximum  value  has  spread  through  most  of  the  bore  behind 
the  shell.  The  instantaneous  curves  for  volume  density  d 
against  z are  sketched  for  the  two  cases.  Case  1 y-£-h<h(l+  j ) 


In  this  curve  the  moulding  effect  of  the  shape  of  the  powder 
chamber  is  still  discernable  although  the  initial  pattern  of 
density  is  e.longated  as  the  fluid  expands.  The  case  where 
the  initial  volume  density  is  a linear  function  of  z in- 
stead of  uniform  could  be  found  and  would  be  more  complicated, 
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but  when  the  linear  density  P is  a linear  function  of  z 
as  in  (17a)  the  later  density  P given  by  (17c)  is  much 
simpler.  ' 


IV.  Space  Variation  of  Pressure  and  Pressure  on 
the  Shell. 


The  relative  acceleration  of  the  fluid  is  the  total 
time  derivative  du  Qf  its  relative  velocity,  that  is  the 

at 

time  rate  of  increase  of  relative  velocity  u as  it  would 
be  reckoned  moving  with  the  fluid  as  distinguished  from 
its  rate  of  increase  reckoned  at  a fixed  point.  This 

relative  acceleration  is 


du 

a? 


ZL  = ZL 

y y 


The  fluid  between  the  planes  z and  z + dz  has  the  mass 
/°  (z,t)dZ.=  ur2(z)^r  (z,t)dz 


Its  mass  times  its  acceleration  is  equal  to  the  total 
force  on  it  or 


m2/V 


(z,t) 


g 


« 9 


L 


ZL  - y 
y 


total  force  in  lbs.  weight 


The  forces  are  shown  in  the  figure  for  the. case  where  / ; . 

r(z)  is  decreasing  with  increasing  z,  and  ds  siny'm-  r&az* 
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The  pressure  at  a point  on  the  boundary  surface  of 
the  powder  chamber  is  here  considered  equal  to  the  mean 
pressure  over  the  circular  section  passing  through  that 
point.  Hence  the  equation  of  mean  fluid  motion  is 


nr2(z) - yJ 
2nr(z)  P(z,t)  i 


that  is 

23)  - QP(z,t)  - /fr(z,t) 

g 


[rM 


where 


the  volume  density.  Integrating~'this  gives 

24.)  p(z,t)  - p(o;t)  = - i P ^(z.tolz!  z - yldz. 

sj  o ^ y — *»  • 


To  integrate  this  when  the  initial  volume  density 
is  uniform,  there  are  two  cases  to  consider,  and  in  each 
case  the  explicit  expression  for^O(z,t)  is  given  by  four 
different  expressions  in  (22a)  or  (22b),  by  which  (24) 
may  be  integrated  as  soon  as  the  point  z is  chosen.  The 
curves  of  fig  2a  and  fig.  2b  show  in  which  of  the  four 
regions  the  upper  limit  z lies.  The  pressure  on  the  shell  is 


By  use  of  (22b)  these  integrals  may  be  evaluated  exactly 
and  give  for  the  greater  part  of  the  time,  that  is,  when 
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+m  . h' 

17ZJMEIL 

n 


^2(1+6)  fii+e^osu+ei-g].! 


1 + 2£  + £ + ^ (1  + £ + ) 


= €■ 


1 +€ 


in/  * Mlilhl 


832 


1 + 2e+€  + £ (1  + e + 


= € 


1.133 

T77TS 


The  numerical  values  are 

25c)  JB=  .1183  and  ^6=  .261 

Although  (25)  is  only  exact  for  y-/^-h^h(l+  £)  « 2.11  ft., 

it  is  sufficiently  accurate  for  all  values  of  y,  as  shown 
by  the  fact  that  when  y-j£  -h  is  very  small  compared  to 
J>+h  (so  that  y is  very  small  and  Y very  much  smaller) 
equation  (25)  gives 

P(y,t)  =P(o,t)  —7 — (.369)y  whereas  the  exact 

ffc  g 

value  found  by  using  (22a)  and  (24) 1 is  practically 
the  same.  It  is 

1 (i  * 

25d)  F(y,t).  P(0,t)  2 (l  + 2£  .V.f '(i  'f)} 

= P(o,t) 5—  (*37i)y 

TTC^g 

V.  The  Frictional  Force  F(t)  on  the  Shell 

If  we  use  (25)  for  P(y,t)  in  the  equation  (2)  of  motion 
of  the  shell,  this  gives  the  frictional  force  on  the 
shell  as  the  difference  between  two  large  terms,  each 
of  which  is  at  present  determined  with  a large  error. 

The  result  is 


26a)  F(t)=  TTc2P{o,t)-m,;y 

g 

0 m 

If  y and  Y are  both  known,  this  determines  F(t)  in 
terms  of  the  reading  of  the  pressure  gage. 

By  use  of  (16)  this  may  be  written 
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This  is  an  exact  derivation  from  the  theory.  In 
service  rounds  the  factor  m B is  .035  hut  this  term 

mf 

is  not  in  general  negligible  although  it  is  small  com- 
pared to  unity  because  when  the  acceleration  of  recoil  is 
large  the  difference 


26c) 


mrp(o,t)  - 


r 

M'Y 


MY 


3- 


g 


+ D 


may  be  small  compared  to 


At  time  t +0,  Y is  zero  and  nearly  unity  so 
that  equation  26b)  becomes 

F(+o)  + TIc^P0  - |l-yS  D(+o)  where  P0  = P(o,o) 

In  table  1 are  shown  the  force  F(+o)  computed  by  this 
equation  where^as  will  be  shown  later ^ 


26d)  D(+o)  = 73,000  pounds  weight  for  all  rounds.  The  time 
rate  of  rise  of  pressure  P0=P(o,o)  is  also  shown. 

It  could  be  determined  from  the  pressure-time  curves 
with  an  estimated  error  of  ±30  percent  for  all  rounds 
except  the  two  low  pressure  round©4  and  7 where  the 
error  may  be  double  this.  The  values  of  PQ  may  be  in 

error  by  ±50  percent  in  general  or  double  this  for  the 
low-pressure  rounds.  The  force  D(+o)  is  considered 
known  to  ± five  percent. 


Table  1,  Pressures  and  Friction  at  time  t=o. 


Round 

Charge 
m lbs. 

mf  lbs. 

■n  lbS. 

" 0 in^ 

p lbs. 

1 0 T"? 
m^sec 

F(  +o)lbs 

1 

4&4 

1,636 

4,500 

2.2(10)6 

.62  106 

2 

484 

1,636 

6,000 

3.0  ” 

.85  " 

3 

484 

1,636 

7,500 

2.5  " 

1.08  " 

4 

230 

1,512 

— 

.5  rt 

— 

5 

368 

1,578 

10,000 

1.1  " 

1.47  " 

6 

518 

1,652 

4,500 

6.0 " 

.62  " 

7 

24.O 

1,517 
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This  determination  of  F(+o)  is  as  accurate  as  the 
determination  of  pressure  at  time  t = 0 since  no  errors 
in  Y are  of  importance.  Again  near  ejection  the  accel- 
eration of  recoil  y Is  relatively  small  and  the  term 
MfY  + D is  appreciably  less  than  the  pressure  term  TTc^&(o,t 
g 

Hence,  at  times  near  ejection  an  evaluation  of  F by  (26b) 
might  rank  next  in  accuracy  to  the  evaluation  at  start 
of  recoil. 


When  the  difference  between  the  two  large  terms  in 
(26b)  is  small  compared  to  either,  the  determination  of 
F by  this  equation  will  be  practically  impossible  as  the 
small  percentage  errors  in  pressure  and  acceleration  will 
be  the  principal  part  of  the  second  equation.  Large 
fluctuations  will  mask  the  value  we  are  seeking  and  even 
give  the  absurdity  of  negative  F. 

Since  it  may  be  necessary  to  resort  to  some  other 
method  of  determining  F,  it  is  worth  while  to  consider  its 
origin  in  detail,  assuming  the  engraving  is  completed. 


In  the  motion  of  the  gun,  the  kinetic  friction  between 
the  gun  and  its  slide  was  considered  negligible  compared  to 
static  friction  since  the  greatest  velocity  was  about  20  ft. 
per  sec.  The  shell  attains  a velocity  about  one  hundred 
fifty  times  this  or  3000  ft.  per  sec.  so  that  kinetic  fric- 
tion may  be  an  appreciable  part  of  the  forcei  F.  This  may  be 
assumed  to  be  represented  by  a term  Fj_  = Viyk  where  1*1  and 

k are  positive  constants  to  be  found.  This  term  may  be 
considered  as  representing  kinetic  friction  contributed  by 
all  the  surface  of  the  shell  except  the  rotating  band  whose 
interaction  with  the  lands  must  be  considered  separately. 

A second  force  Fa  which  might  possibly  be  appreciable 
is  the  resistance  of  the  air  which  does  not  have  time  to 
flow  out  of  the  barrel  but  is  pushed  out,  the  shell  gathering 
it  up  as  it  proceeds,  so  that  it  adds  an  ever  increasing 
inertia. 


Since  the  initial  force  F(+o)  is  of  the  order  of  (10)° 
lbs.,  we  may  consider  parts  of  it  of  the  order  .02  (10)°  lbs. 
as  negligible.  The  atmospheric  pressure  on  the  shell  amounts 
to  about  one-tenth  of  this  or  .002  (10)°,  but  the  inertial 
effect  is  much  larger.  The  shell  imparts  its  own  accelera- 
tion y to  the  “total  mass  of  air  it  has  gathered  up  which 
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time  dt  a resting  mass  of  air  Ptrc^y  dt  to  which  it 
imparts  the  velocity  y so  the  time  rate  of  change  of 
momentum  is/^rrc^y^.  Hence  the  inertial  effect  of  the 
air  gives  a retarding  force  on  the  shell  of 


In  tables  9 ana  (10)  below  y->£-h,  jr  and  y are  given 
for  round  2 and  these  show  that  Fa  = *011  (10)^at 
t = .020  se(jJ,  = .025  (10)6ibs(at  t = .0315  secjL  Hence, 
we  conclude  ohat  the  effect  of  the  air  is  negligible. 


an  important  part  of  F is  what  may  be  called  the 
elastic  force  Fe.  After  the  engraving,  when  the  shell 
has  been  pushed  into  the  barrel,  both  it  and  the  barrel 
will  be  under  a large  elastic  compression  and  both 
slightly  deformed.  There  will  be  a retarding  force  on 
the  shell  like  that  on  a tight  fitting  cork  which  is 
pushed  through  a bottle.  The  barrel  is  expanded  behind 
the  shell  due  to  the  powder  pressure  and  also  to  the 
expansive  force  of  the  compressed  shell,  so  that  in  front 
of  the  rotating  band,  the  barrel  will  be  constricted. 

The  effect  of  decreasing  powder  pressure  will  be  to  decrease 
this  force  as  the  shell  travels,  but  the  effect  of  decreas- 
ing thickness  of  the  gun’s  wails  will  tend  to  modify  this 
force.  aIso  as  the  shell  moves  into  parts  where  erosion 
has  increased  the  bore,  the  force  will  be  decreased.  ./hen 
the  shell  nears  the  muzzle,  the  powder  pressure  is  slowly 
decreasing  but  the  gun’s  wails  begin  to  increase  in  thick- 
ness so  that  there  may  be  a choking  effect  represented  by 
a rise  in  the  force  Fe  as  the  shell  approaches  ejection. 

A fourth  force  F^  comes  from  the  action  of  the  driving 
edge  of  the  rifling  u^on  the  grooves  of  the  rotating  band. 
The  rifling  angle  is  Y whefl£tan  Y - since  the  rifling 

32 

has  a uniform  twist  of  one  in  32  calibers.  The  action  of 
the  lands  is  illustrated  in  the  accompanying  figures, 
where  in  fig.  a the  circle  P A is  a section  of  the  bore  of 
radius  c = 7/12  ft.,  and  oy ‘'Is  the  gun’s  axis  while  the 
curve  P0P  is  the  forward  or  driving  edge  of  the  lands. 

In  fig.  b the  inner  barrel  surface  is  developed  or  rolled 
out  on  a plane 
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N 


The  total  force  of  the  lands  on  the  engraving  bands  has 
component  N normal  to  the  curve  and  tangential component  T. 
The  part  of  T which  represents  static  friction  is 

The  part  representing  kinetic  friction  is  times  the 
Kth  power  of  the  relative  velocity Ttf  of  the  shell  in  the 
tangential  direction.  The  angular  velocity  of  the  shell 
being  where 


27a)  c^  = tan 7*  y 


then  the  linear  velocity  of  points  on#  the  rotating  bard 

in  the  tangential  direction  isrtC  r y_  = y practically 

since  Vis  small.  cosV 


hence  we  assume 


27b)  T = /t0  N + >£yk 

Resolving  T and  N along  the  axis  gives 

27c)  F^  = NsinJ^  + Tcos Y = N( siny  cos  Y)  +|^cos 

The  eauation  of  angular  motion  of  the  shell  is (if  I is 
the  moment  of  inertia  of  the  shell  about  its  axis) 


27d) 


I (b  = I tanY  y = (N  cos  V-  T sin  V) 
gc T "Vc2 


Replacing  T by  its  value  (27b)  this  be comes 


27e)  N = 1 

cos  sin  Y 


I tanV  y 4-  M*y  ilK] 
gc*  v • 


Using  this  value  of  N in  (27c)  gives 


h - 


l-/7tan  Y 


Itany  (tanY  +f<c)y  + V-  y k 


c^g 


cos  T 
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Hence  the  total  force  F would  be  of  the  following  form 

F = F + Fn  + F,  or 

e 1 4 

27g)  F(t)  = F„  + 2/y  1 + m"  J pounds  (after  engraving  is  over) 
e ■— * 

6 . 
where  m,f  k are  positive  constants , X)  - + *J  and 

27h)  m”  = I tanTfltanY  +/JQ) 

i-,  woulc"  be  m = 1400  = 700  if  the  shell  were  cylindrical. 

2 2 

It  is  somewhat  less,  varying  from  65O  to  660.  so  I = .47  m 
Also  tan  V=  1 c2 

32 

The  first  term  in  (27f)  has  the  effect  of  loading  the 
shell  with  the  extra  mass  m” . 


We  may  take  1_  as  an  upper  limit  for  the  static  friction 

at  the  rifling  (after  the  engraving  is  completed).  This 
gives 


mTt 


m x .•4? 
32 


.007B  m 


,0078  x 1400  = 11  pounds 


„ ** 

Hence  the  force,  mf  y>*  = liy  = .34  y,  has  a maximum  value 

.042(10)  lbs.  corresponding  to  the  greatest  acceleration  f 
given  in  table  10  below^  JF  = .125(10)6  ft/sec^  for  round  2. 


This  indicates  that  the  third  term  in  (27g)  is  always 
negligible,  as  would  be  expected  since  it  amounts  to  in- 
creasing the  shell fs  mass  of  1400  lbs.  by  11  pounds. 


The  conclusion  is  that  the  force  must  be  of  the  form 
28)  F(t)  = Fe 

* k 

where  Fe  is  the  elastic  force  and  Vy  that  of  kinetic 
friction  at  all  parts  of  the  shell. 


VI.  The  Starting  Force  Fg  on  the  Shell  and  the  Time  When 

it  Starts. 

In  the  interval  -T  t ^ 0 the  pressure-time  curves  are 
nearly  linear  so  that 

29a)  P(o,t)  = P0  + tP0  for-T<  t ^ 0 
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Since  f = Y=0  when  t ~=  - £ the  starting  force 
F = F(-7T)  is  by  (26a)  and  (29a) 

O 

29b)  Fs  = irc2P0  -T^2P0 

Also  since  Y E 0 in  the  interval  -T  £ t ^ 0 and 

is  practically  equal  to  one,  the  equation  (26a)  g?ves 
the  equation  of  motion  of  the  shell  in  the  following 
form  by  use  of  (29a)  and  (29b) 

29c)  (1-^3  a,)  S'f(t)  = (t+f)  HC2P0  + Fs-F(t)  for 
/ m g 

while  equation  (16)  gives  its  equation  of  motion  through 
the  same  interval  in  the  form 


29d)  mTy( t)  = D(t)  for  -T^  t ^ o 

g 


From  these  two  equivalent  forms,  the  external  force 
in  this  interval  is  connected  with  F by  the  relation 


30) 


31) 


32) 


F(t)  = P„  + ( t+Tl)  itc2P0  - D(t) 

b O /mt 

= irc2P0  tirc2P0  - (1- D(t) 

Letting  t — > -0  in  this  gives 


F(-o)  = UC2P0  - (1-£B  )D(-0) 

' m’ 

so  that  by  (26a) 

I1-/5!.)  jo(-o)  - d(+o JJzzz 


Hence  if  the  external  force  D has  a finite  discontinuity 
at  t = 0,  it  is  accompanied  by  a discontinuity  in  the 
force  exerted  by  the  gun  on  the  shell*  Such  a discon- 
tinuity was  indicated  during  the  observations  of  the 
compressive  force  of  the  recoil  springs  and  the  friction 
between  the  gun  and  its  slide.  From  the  time  the  shell 
starts  to  an  appreciable  time  after  the  gun  recoils,  the 
only  external  forces  acting  on  the  gun  are  the  constant 
force  Ks  exerted  by  the  recoil  springs  on  account  of  a 
considerable  initial  compression  s,  the  constant  com- 
ponent of  the  gun’s  weight,  the  friction  between  gun 
and  slides,  and,  before  recoil,  the  back  reaction  S(t) 
of  the  slide  carriage  where  it  presses  against  the  yoke, 
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33)  D(t)  = Ks  - M sin  © + t)M  cos  9 - S(t)  lbs  weight 

where  9=8°=  the  elevation.  The  resistance  S(t) 
to  the  pressure  of  the  spring  can  never  be  negative. 

Before  the  shell  moves,  the  excess  of  spring 
force  over  component  of  weight  Ks  - Msind  is  balanced 
by  the  force  A(t)M*  cos  9 - S(t)  but  the  manner  in 
which  this-  force  is  shared  between  friction A (t)M  cos  9 
and  S is  unknown  and  depends  upon  the  manner  in  which 
the  gun  had  been  previously  brought  to  battery. 

For  t ^ -T,  D(t)  =0  and  as  t increases  from  -'tfto  -0 
D(t)  rises  from  zero  to  a value  D(-o).  Shortly  before 
t = 0 the  resistance  S ceases  to  act,  causing  U to  rise  * 
to  its  greatest  possible  value  /q(-0)  =/U(+0)  = . 047(^0^ 
C the  coefficient  of  starting  friction  (and 
presumably  of  sliding  friction).  This  was  found  by  a 
series  of  observations  in  which  the  gun  was  elevated 
very  slowly  by  hand  and  the  successive  angles  8-^,  62, 

noted  at  which  it  began  to  slide  gently  out  of 

battery.  From  three  such  observations,  three  independ- 
ent equations  of  the  form  Ks  - M sin  0n  + /4(+0)M  sin  9n 

=0  n =1,2,3--  were  obtained,  whose  solution  gave 
(taking  M = 206,000  lbs.) 

{Ks  = 91,300  lbs.  weight  and/((+0,)M  = 9,600  lbs.  wt. 

' 

K = '2,100  lbs.  weight  per  inch  compression  = 23,200 
lbs.  per  foot,  which  give/^t+0)  = .047  and  s = 3*63  ft. 

After  the  seven  rounds  were  fired,  these  measurements 
we re  repeated  as  a check.  The  values  of  Ks,  K and  U 

were  considered  to  be  known  to  ±5  percent  of  their  Values. 

In  service  conditions,  the  gun  after  firing  is  restored 
to  battery  with  some  velocity  and  it  was  found  to  stick 
or  become  wedged  into  the  slide  as  shown  by  the  fact 
that  in  this  case  values  of  M were  obtained  which  were 
three  times  K(+0).  As  sticking  of  the  gun  is  an  erratic 
thing,  it  is  safe  to  take  M ( -0)  = .2±.15s=*2(l±3/4) 

hence 

33b)  D(+0)  = Ks  - Mg  sin  9 +yM(+0)M  cos  9 = 73,000  lbs.  wt. 

33c)  D(  -0 ) = Ks  - Mg  sin  0 +/4f(-Q)M  cos  0 = 104,000  lbs  wt. 

where  © - 8°,  f*  (+0)  = .047  and^<(-0)  = +.2(l#3/4)* 
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The  allowance  of  ±75  percent  variation  in  M(-  C)  from 
round  to  round  on  account  of  unequal  sticking  of  the 
gun  only  makes  a variation  of  ±30  percent  in  the  value 
of  D(-0),  and  the  extreme  (-30  percent)  makes  D(-0) 
practically  the  same  as  D(+0).  As  the  gun  begins  to 
move,  the  sticking  disappears  so  that  in  all  cases  the 
lower  coeff icient ft  ( +0 ) is  supposed  to  apply  after 
recoil  begins,  where  D(+0)  is  considered  known  to  ±5 
percent  of  itself* 

During  the  small  time  that  elapses  between  the  start 
of  the  shell  and  of  the  gun,  we  may  assume  that  the 
frictional  force  F(t)  between  gun  and  shell  is  prac- 
tically constant 

34)  F(t)  = Fs  = F(-T)  for  -T<t<0 
so  that  equation  (30)  becomes 

35)  D(t)  = (t+Tr)  — for  -TN<t<0 


36) 


and  equation  (29d)  becomes 


m'y(t)  = D(t)  = D(-0)(liX]  = (t+-Q  for  t <0 

g \ ~ J x_m 

r mf 


Placing  t = -0  in  (35)  gives 


37a)  TT-  fl 

\ m 1 / 7TC  ^ 


-o)  = (\  - .118  .104 (10) 6 


% 


m 


"tic  2 


which  with  (31)  gives  the  force  F necessary  to  start 
the  shell 

37b)  Fs  =rc2p0  - (1-^lJ  D(-o) 

= F(+o)  - (--pit  -o ) -D(  +o)J by  (26c) 

= F(+o)  - ^1  - .118  x 31,000  lbs  wt.  by  (33b) 
and  (33c)* 


-es- 


IX 

. 

• : 

Bi  • c'8IiiS9Cf  XlO09tt 

* 

vT-r  ; .3  J-  ’J99v-.\  30  83  .19  i t -C  -‘I  ' S d 

- 

■ 

ja.  ' i‘i.co  vi. 

0 > o v-  * 1 t--)*  - 

s . ..O'  5.  K ■ } r.  V - ' 9 V - 0 - 

- • — T ' ..... 

ipd 

. d { - i.  '-r  - 

:7 

' * 

W ;.  ' ) I*-L  ’ v~  ~ O . iC.-x  I 

. 

•1  32  o«  *v  -2  'oen  . . - • o:  ...  ::  t i ( • ) ! 

' ii-J  - ■ ;U 

(o-K  V — i . - - V 

- - - I 

* 

„ 

• • • • ' { ■ * 

{ oCt;  bn ■’» 


UC 

UC 

(aTC 
(■  \\r 


-24- 


Using  the  figures  given  in  Table  1,  we  find  the 
following  values  for  starting  force  Fs  and  time 
interval 't'  by  equation  (37) 


Table  2 - Starting  force  Fg  on  shell  and  time  TT 


Round 

Fs 

T 

1 

.6(10)6 

lbs . 

wt . 

.00030 

sec 

2 

.8(10)9 

tt 

.00020 

tr 

3 

1.1(10)° 

tt 

« 

.00026 

tt 

4 

.00130 

tt 

5 

1.4(10)6 

tt 

.00060 

tt 

6 

.8(10)6 

tt 

.00011 

tt 

7 

.00120 

Tt 

mean 

1(10)6 

tr 

The  time  7T  varies  greatly  with  charge  but  the 
average  variation  of  starting  force  from  the  mean 
F = (10)klbs.  is  within  the  estimated  error  ±30  percent. 

It  is  practically  the  same  as  F(+o)  given  in  Table  1. 

This  corresponds  to  a pressure  of  6,500  lbs ,/tnr  which 
compares  favorably  with  the  figure  8,000  lbs./6i2  rumored 
to  have  been  found  by  the  Army  Department,  by  pushing 
the  shell  through  the  barrel. 

• 

The  estimates  of  PQ  for  the  low  pressure  rounds  4 
and  7 are  rough  and  the  relatively  long  time  intervals 
T for  these  rounds  may  be  in  error  by  ±50  percent. 

The  variation  of  time  interval  "C'  with  powder  charge  ✓ 
m is  shown  in  figure  3.  Q f1*** 

38a)  m’y (o)  =^*gD(-o)  = 1.67^T(10)^ 

38b)  m*  Jj(o)-jE-h|=  ^gD(^o)  « |'m'y(o) 

The  greatest  value  of  y(o)  and  y(o)-jf?-h  occur  for 
rounds  4 and  7 for  which  y(o)-^-h  is  negligible  (.0006  ft.) 
as  also  is  y(o)  * 1.4  ft.  per  sec,  but  this  would  con- 
tribute a small  amount  .1  ft.  to  the  shell  displacement 
at  ejection. 
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The  conclusion  is  that  the  effect  of  velocity  and 
displacement  of  the  shell  when  recoil  begins  (t=o)  are 
both  negligible  in  every  round,  with  the  possible 
exception  of  Rounds  (4)  and  (7)  as  to  displacement  at 
ejection. 

The  value  of  Fs  together  with  inspection  of  the 
powder  pressure  curve  show  that  even  if  the  starting 
force  Fs  were  zero,  the  shells  inertia  would  not  allow 
it  to  move  sufficiently  to  alter  the  shape  of  the  pressure 
curve.  Hence  a pre-rifled  steel  rotating  band  would  have 
practically  no  effect  on  the  rate  of  rise  of  the  pressure. 


VII.  The  Motion  of  the  Shell  and  Its  Numerial  Test 

at  Ejection. 


The  only  other  forces  not  yet  considered  are  Dp,  the 
action  of  the  hydraulic  brakes  or  recoil  cylinder,  and 
the  variable  part  KY  of  the  force  of  recoil  springs. 


39) 


40) 


Hence  integrating  0-6)  gives 
't 


y(t)  = It  jM'Y(t)  + g j"  Dr(t1)dt1  + tgD( +o ) + SK  te  Y(te)  ^ t 


Integrating  this  gives 


y(t)-£-h  = i 
^ m1 


M'Y(t) 


W + 


^ rT x 


+t2gP(+o)  + gKt^Y ( t ) ft  \ 4 


n - c e f — 

2 12 t, 


where  the  variable  part  KY(t)  of  the  spring fs  force  has  been 
represented  by  talcing  Y(t)  - Y(te)/t  |2#  Thus  term  turns 
out  to  be  negligible.  l^e) 


The  principle  term  in  the  second  members  of  these 
equations  is  the  first  with  factor  M* . The  term  with 
factor  D(+o)  contributes  to  ejection  velocities  and  dis- 
placements about  2 percent  for  service  rounds  and  7 percent 
for  the  two  low  pressure  rounds.  The  factor  g =,32.2 
reduces  pounds  to  poundals  and  gD(+o)  = 2.35(10)°  poundals. 
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The  force  gDr(t)  = gSpy(t)  where  S = 335-6  sq. 
inches  is  the  area  of  the  piston  and  p (t)  the  liquid 
pressure  whose  time  record  was  obtained.  The  time 
integrals  were  in  most  cases  found  by  graphical  inte- 
gration, This  is  the  principal  part  of  the  external 
force  after  it  takes  hold,  but  it  does  not  begin  to 
act  until  a time  t = about  .013  seconds,  when  it  rises 
sharply  and  soon  attains  its  maximum  value.  A sufficient 
representation  is  given  by  a linear  relation  from  t to 
t + A followed  by  a constant  value  (maximum  pressSre 

p to  ejection).  If  Dm  denotes  this  final  value,  this  may 
be  written 


41a)  Dr(t)  = o when 

= 22  (t  - to]  when 

= = const.  when 


t\<  t 

t0<  t ^ tg-A 


t0  + t 


hence 

41b)  J^Dr(t1)dt1 


o when 

I jfik  ( t - tQ)2 when 

£T  2 

(t  -tQ  - &)  — when 


to  ^ t 4 to  + A 

to+A  ^ 


41  c ) 


and 
•t 


JM 


D ( t , ) dt1  = 


when 


t ^ fc0 


(t-t0r  ~ When  tQ  4 t s(  t0  + A 

V 


= 


A)  (t-tQ)+  4.  ) when  t0+  A 4 t 


The  maximum  value  gDm  was  about  23(10)^  poundals  for  service 
rounds.  Yflien  Dm,  tQ  and  A were  estimated  from  the  curves 

of  pr(t)  against  time  the  integrals  at  ejection  when  computed 
by  (41b)  and  (41c)  differed  by  not  more  than  6 percent  of 
themselves  from  the  results  of  graphical  integration,  except 
for  the  two  low  pressure  rounds.  Since  this  is  the  most 
important  force,  the  graphical  results  were  used.  The 
results  of  the  two  methods  are  shown  in  table  3- 
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Table  3 


sec 

A 

gl)& 

poundals 

&Soe  Dr  (tli^l 

,t2cr 

1 — 1 
-p 
"d 

1 — 1 

-P 

Round 

sec 

By 

( 4-1 ) b 

By  Graph. 
Integ. 

By 

(4l)o 

By  Graph. 
Integ. 

1 

.0130 

.0082 

23.8(10)6 

.393(10)° 

•400(10)6 

3. 31 (10) 3 

[3.3s 

\3.45, 

(10)3 

2 

.0127 

.0075 

23.8 

.396 

.396(10)6 

3.35 

3.54 

3 

.0100 

.0093 

22.9 

.413 

3.80 

3.95 

4 

.0100? 

.0285? 

4*5 

.177 

.174 

3.62 

3.40 

5 

.0140 

.0080 

12.9 

>•343 

— 

4.53 

4 . 68 

6 

j .0090 

1 

!.0072 

j27.0 

.461 

— 

4.02 

4.04 

7 

.0100? 

.0182? 

6.0 

. . 1 — _ ..  - 

.261 

.217 

5.67 

1 4 . 04 

For  rounds  (4-)  and  (7)  these  are  rough  estimates.  Only  one  pres- 
sure reading  was  obtained  for  round  (4)  and  two  for  round  ( 7 ) • 

Before  proceeding  with  the  assumption  that  D0  is  a constant, 
it  is  worth  while  to  examine  the  forces  more  carefully.  It  was 
found  to  be  a constant  on  the  assumption  that  the  frictional 
force  exerted  on  the  gun  by  its  slide  is  R = MMgcos$  . In  the 
early  part  of  recoil  before  the  hydraulic  brake  Dr  takes  hold, 
this  is  obviously  correct.  The  basis  is  found  by  estimating  the 
position  of  the  center  of  gravity  of  the  gun.  Rough  estimation 
from  drawings  indicates  rhat  it  is  near  the  point  of  intersection 
of  the  axis  of  the  gun  and  the  axis  of  the  trunion.  The  slide 
is  a tube  whose  sections  by  a vertical  plane  through  the  axis  of 
the  gun  are  shown  shaded  in  fig.  1.  From  drawings  of  the  slide, 
it  is  found  that  in  the  initial  position  of  the^gun  (before  firing) 
the  center  of  gravity  of  the  gun  is  a distance  y + 4*3  ft.  from 
the  breech.  ,-ILso,  the  lengths  and  of  the  sections  of  the 
slide  are  obtained  from  the  drawings . 

The  action  of  the  slide  on  the  gun  may  be  understood  from 
the  simplified  conception  indicated  in  fig.  1. 
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We  at  first  assume  the  normal  reactions  on  the  gun 
are  H2  and  N]_  at  lower  left  and  lower  right  end  of  the  slide 

(the  reaction  on  the  upper  section  marked  "later"  is  then 
absent).  The  sum  of  the  force  components  normal  to  the 
gun’s  axis  must  be  zero  so  that 

4,2a)  n2  * N1  “ ^ cos  Q (using  pounds  weight  for  unit  of  force) 

The  moments  of  the  forces  about  a horizontal  axis  through 
the  center  of  gravity  and  perpendicular  to  the  plane  of 
the  paper  must  also  vanish.  The  expression  for  this  is 

42b)  + (T  - /<r0)(N2  + Nx)  = rjDj. 


Solving  these  two  equations  gives 

42c)  Nx  = ^ -^ro  M cos  Q - rl  D 

% r 


42d)  N2  = 


If  the  normal  reactions  and  N2  given  by  these  equations 

are  both  positive  the  original  assumption  is  justified  and 
the  friction  is 


R = (N^  + W2)  * cos  9 pounds  « cos  Q poundals 

as  assumed  in  the  expression  for  Dq.  From  the  dimensions 
indicated  in  fig.  1 (taking  = .047)  these  become 

Ni  - Ull 22  M COS  e - 3.17  Dr  - .82  U COS  9 - .21  Dr 
A 15*1  15*1 

N2  * * *18  M cos  0 + .21  Dp  > 0 


Reference  to  table  3 shows  that  for  service  rounds  the 
maximum  value  of  Dp  is  Dm  * 24(10)6  poundals  * .75(10)6  pounds 

so  that  since  M cos  8°  = .198(10)6  pounds 

Nx  * (.82  x .198  - .21  x .75)  105pounds 

= (.162  -,*158)  lo6  pounds  which  is  positive. 

Since  Y only  decreases  from  12.5’  to  12.2’  from  start  of 
recoil  to  ejection,  it  is  prooable  that  slide,  trunion, 
and  brake  arm  have  been  so  designed  that  the  hydraulic 
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brake  does  not  throw  the  thrust  N-.  on  the  upper  right  end 
of  the  slide  before  ejection,  although  this  evidently  may 
occur  before  full  recoil  is  reached,  but  that  does  not  con- 
cern the  motion  of  the  projectile.  This  opinion  is  streng- 
thened by  the  fact  that  for  ease  of  elevating  at  all  angles 
the  trunion  axis  must  be  very  close  to  the  center  of  gravity 
of  gun  and  slide.  This  places  the  center  of  gravity  of  the 
gun  somewhat  further  than  the  trunion  axis  from  the  breech 
so  that  ¥ is  greater  than  the  value  used  above,  which  makes 
it  even  more  probable  that  remains  positive  throughout 
the  interval  up  to  ejection  and  therefore  D is  considered 
constant  in  this  interval. 


The  numerical  test  of  equation  (40)  at  ejection  time 
te  is  shown  in  table  4 where  the  shell  displacement  should 
be  equal  to  the  length  of  the  rifling  49. S ft.  The  values 
of  M*  given  in  (6d)  are  used  here. 
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Table  4.  Computed  Travel  of  Shell  at  Ejection  (Mf  = 211,200 
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In  all  but  the  two  low  pressure  rounds  the  error  is  about 
what  is  to  be  expected  in  determining  recoil  Y(te)  at  ejec- 
tion* The  uncertainty  of  the  double  time  integral  may  ac- 
count for  the  deviations  of  rounds  (4)  and  (7).  As  a whole, 
this  test  of  equation  (40)  may  be  considered  satisfactory, 
the  mean  deviation  from  theory  being  about  one-half  of  one 
percent • 

If  we  now  compare  calculated  and  measured  ejection 
velocities  it  must  be  remembered  that  the  error  in  computing 
these  by  (39)  will  be  about  proportional  to  the  error  in 
determining  recoil  velocity  tf(te)  at  ejection  and  since  this 

is  obtained  by  graphical  differentiation  of  the  recoil  curves, 
this  error  may  be  expected  to  be  several  percent.  The  results 
are  shown  in  table  5,  the  observed  relative  ejection  velocities 
being  the  mean  of  these  measurements  with  three  pairs  of  contact 
fingers.  The  term  with  factor  K is  negligible. 


Table  5.  Calculated  and  Observed  Ejection  Velocities 
(relative  to  gun)  ( M*  = 211 , 200  ) 


Round 

M'Y(te)  \\ 

gjfeDrat  J 

tegD(to) 

y(te) 

* 

y observed 

1 

ft/sec 

20.7 

lb  ft/sec A 1 

4. 372(10)  | .400(10)“- 

i 1 

.079(10)' 

, Computd, 

2965 

+ i 

(2793 

2805  .'2802 
.2816 

2 

20.5 

4.330  " ] 

.396  " 

.078  " 

2935 

) £T> 

f 2760 

2785  ) 2804 
1 2788 

20.5 

4.330  " 

.413  " 

.077  " 

1 

2943 

4.  \UQ 

(2782 

2805  V 2773  - 
12861 

4 

8.2 

1.730  J 

.177  " 

.149  rt 

1360 

{1439 

1470  11503  - 
11463 

5 

12.7 

2.681 

.343.  " 

1.105  ,r 

t 

1985 

l'7  £ 

(2145 

2160  j 2185 
(2152 

6 

23.0 

4.858 

1.461 , " 

:.070  " 

i 

3260 

j-  ft) 

f 3690 
3170  jlost 
12651 

7 

9.2 

I 

1 

* 

1.941 

1.217  " 

.146  " 

| 

i 

1520 

-/o 

"1518 
1530  11541 
L1530 

The  observed  velocity  for  each  round  which  was  the  average 
of  three  determinations  by  three  pairs  of  fingers  was  con- 
sidered accurate  to  about  1 percent  as  the  three  pairs  were 
supposed  to  average  out  the  effect  of  wobbling  of  the  shell 
at  the  muzzle.  This  of  course  is  not  accurate  for  Round  6* 
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The  excess  of  calculated  over  observed  mean  velocity  • 
expressed  as  a percent  of  the  latter  is  shown  in  Table  6 
in  which  yc  is  calculated  and  y0  observed. 


Table  6.  Percent  error  in  relative  velocity  at  ejection 

( M*  = 211200g&)  

_ I I ' I ' ' * I'  I t .'i 


'Round 

1 

1 4 

2 

f r 

3 4 \ 5 

6 

1 7 1 

y«3  ■ y° 
y 0 

+5.7# 

+5.4#  i 

+5 4°  | -7.5#  | -8.%  | 

+3$ 

S -.6%  : 

i 1 

I ..  .1 

It  doesnot  seem  unreasonable  to  attribute  a large  part  of 
these  discrepancies  to  the  error  made  in  determining  recoil 
velocity  Y by  graphical  differentiation,  especially  in  view 
of  the  good  agreement  with  theory  for  the  travel  of  the  shell. 

There  is  evidence  of  another  kind  which  points  in  the 
same  direction.  The  preceeding  tables  indicate  that  for  the 
three  service  rounds  1,  2 and  3,  the  recoil  velocities  Y 
obtained  by  graphical  differentiation  are  too  large.  When 
the  recoil  velocity  curves  are  differentiated,  the  acceler- 
ations Y will  then  be  too  high.  This  is  shown  when  we 
attempt  to  plot  the  friction  F between  gun  and  shell  by  (26b) 
for  these  rounds.  For  certain  values  of  the  time  in  the 
neighborhood  of  the  maximum  acceleration  of  recoil  the  equa- 
tion (26b)  leads  to  negative  values  of  the  frictional  force  F. 
This  absurdity  may  be  caused  in  part  or  entirely  by  the 
pressure  gage  reading  too  low  near  the  maximum  powder  pressure. 


At  this  point,  we  must  consider  another  possibility 
which  arises  from  the  uncertainty  of  the  mass  of  the  gun. 


In  the  original  notes,  there  are  two  places  in  which  the 
total  mass  of  the  recoiling  parts  is  totalled  as  in  (6c) 
leading  to  the  effective  mass  here  used  (6d). 


In  two  other  places  the  masses  are  not  totalled  but  are 
itemized  as  follows : 


Gun  + breech  = 

Yoke 

Recoil  cylinder  rode,  pistons,  etc. 
giving  Mo 


180,320  lbs. 
12,145 
2,242 
19ZI737 


Adding  half  springs  ms  = 
M - M„  + ms  = 

° T 


of  the  unloaded  gun 
Adding  m + m + m 


3,553 

198,265  lbs  = 

effective  mass 

1 , 884.  for  service  rounds 
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gives 

) M1  = M + m + m = 200,150  = effective  mass  of  the  loaded 
gun.  This  is  just  5*5$  lov/er  than  the  mass  used  above 
and  in  the  1923  report.  Its  use  would  make  the  mean 
error  in  travel  of  the  shell  2.8  feet  low,  but  would  make 
the  ejection  velocities  about  right  for  service  rounds,  but 
gives  -13#  error  in  velocities  for  rounds  4 and  5. 

This  mass  corresponds  closely  to  (1942)  data  for  gun 
modification  5 instead  of  Mod.  3 furnished  by  the  Navy  Dept. 
Their  data  lead  to 

M1  = 201,430  lbs.  for  service  rounds. 


The  results  of  using  (43)  for  the  effective  mass  are 
shown  in  Table  7. 


The  velocities  for  the  three  service  rounds  are  brought 
into  excellent  agreement  with  observation  by  this  choice  of 
M*  but  the  other  rounds  are  much  worse  than  with  the  first 
choice  of  M*.  This  is  a question  of  fact  which  ought  to  be 
resolved  by  getting  information  from  the  proper  sources  as 
to  whether  Modification  3 had  11,000  pounds  more  mass  than 
Modification  5* 

However,  no  choice  of  M*  will  make  shell  travel  and 
ejection  velocities  both  agree  with  observations.  This 
also  shows  that  the  difficulties  cannot  be  removed  by  a 
different  theory  of  the  inertial  effect  of  the  powder,  since 
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changing  in’  has  practically  the  same  effect  on  the  com- 
puted quantities  as  does  a change  of  Mf . If  the  calculated 
travel  and  velocity  for  a given  round  were  both  too  small 
by  the  same  percent  (or  too  large)  this  could  be  accounted 
for,  as  explained  above,  by  assuming  the  initial  center  of 
gravity  of  the  powder  to  have  been  closer  to  (or  further 
from)  the  breech  than  in  case  of  uniform  density  as  in 
equation  (17e).  Reference  to  tables  4 and  5 shows  that 
round  4 is  the  only  one  which  could  be  harmonized  in  this 
manner.  A six  percent  decrease  in  m*  would  give  a tolerable 
error  in  shell  travel  + .9  ft.  with  ejection  velocity  1440 
as  compared  with  observed  velocity  1470. 

Although  the  comparison  so  far  lends  most  weight  to 
the  larger  M* , there  is  further  evidence  to  be  considered 
which  throws  the  balance  in  the  other  direction,  unless  the 
pressure  gages  are  seriously  in  error.  This  is  connected 
with  the  computation  of  the  frictional  force  F between  shell 
and  gun.  Before  considering  this,  it  is  worth  while  to  get 
an  independent  kind  of  check. on  the  errors  involved  in  graphical 
differentiation  of  recoil  and  again  of  recoil  velocity. 


VIII.  Empirical  Formula  for  Recoil  and  Test  of  Graphical 

Differentiation  for  Round  2. 

In  the  original  large  scale  drawings  which  exhibit  re- 
coil, its  velocity  and  acceleration,  there  is  one  (Fig.  18 
of  the  report  quoted)  in  which  two  curves  for  velocity  and 
two  for  acceleration  are  given,  evidently  obtained  by  dif- 
ferent persons  or  at  different  times.  They  indicate  that 
variations  in  velocities  of  5 or  6 percent  may  be  obtained. 
The  errors  in  velocity  are  greatly  magnified  when  these 
velocity  curves  are  again  differentiated  to  obtain  accelera- 
tion of  the  gun.  The  second  derivatives  apparently  differ 
from  the  smooth  curve  for  acceleration  by  as  much  as  thirty 
or  forty  percent  in  certain  places. 

To  obtain  an  idea  of  the  order  of  magnitude  of  errors, 
and  an  independent  check,  the  empirical  formula  (7a)  is  here 
applied  to  the  recoil  curve  for  Round  2. 

The  graph  of  log10Y  as  ordinate  against  log1Qt  is  shown 

in  two  parts  in  fig.  4*  The  curve  has  a very  high  order  of 
contact  with  its  tangent  whose  slope  is  x = 2.63 • With  this 
value  of  QC  the  constants  A and  B of  equation  (7a)  are  chosen 
to  fit  the  observations  at  two  points. 
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Table  8 shows  that  the  computed  and  observed  recoil 
never  differ  by  .02”  which  is  less  than  one-half  of  one 
percent  near  ejection.  If.  .02”  is  taken  as  a possible 
error,- the  equation  (7a)  then  represents  observations  as 
closely  as  any  other  representation,  and  the  velocity  Y 
and  acceleration  ? computed  by  (7b)  and  (7c)  have  as  much 
validity  as  those  obtained  by  graphical  integration. 


cx^  - 2.63 


A = 48,800 


B = 3 , 440 • 


Table  8.  Recoil,  velocity  and  acceleration  by  equation 

( 7a , b , c ) - Round  2 
— _ _ — ? 
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ut 
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(by  7a) 
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observ. 


graph-1  ( by  7C) 


ical 


in/sec 

22.8 

43*3 

67.9 

94.9 

122.7 

149.7 
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214.5 
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239.3 


in/ sec^ 


— T~ 

(graph) 
in/ sec^ 
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-4.21342 

-4.10456 

-4.00517 

-3.94944 

-3.89285 


The  velocities  obtained  by  the  two  methods  differ  by  4 percent, 
the  accelerations  at  maximum  acceleration  by  11  percent.  The 
results  are  plotted  in  fig.  5,  the  dotted  cuives  being  graphical 
derivatives  taken  from  the  original  curves  drawn  in  1923. 


The  curve  representing  Y(t)  was  drawn  through  all  the  points 
computed  by  equation  (7a).  The  values  of  Y taken  from  the 
original  curves  were  then  indicated  by  crosses.  Their  closeness 
of  fit  is  so  remarkable  as  to  suggest  that  there  may  be  some 
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theoretical  basis  for  the  empirical  equation  (7a).  No 
integral  value  of  QC  would  serve  as  well.  It  is  safe  to 
conclude  that  the  new  curves  for  velocity  and  acceleration 
are  more  accurate  than  the  old  ones,  since  they  are  not 
obtained  by  graphical  differentiation.  They  confirm  the 
suspicion  stated  above  that  the  earlier  values  of  relative 
velocitj^  of  the  gun  at  ejection  were  too  high.  The  new  value 
of  Y for  round  2 gives  a calculated  relative  ejection  velocity 
of  2864  ft.  per  second  which  is  2 1/2  percent  higher  than  the 
mean  finger  .determination  2785.  This  is  on  the  basis  of 
M*  = 211,200  for  which  tables  4 and  5 are  constructed  where  the 
corresponding  shell  travel  is  49-7  ft.  (length  of  rifling 
49.8  ft.).  This  particular  round  therefore  favors  the  original 
choice  of  the  heavier  mass  for  the  gun.  The  second  alternative 
for  M*  gives  ejection  velocity  2730  which  is  2 percent  lower 
than  observed  while  the  shell  travel  is  2.7  ft.  too  small. 

IX.  Progress  of  the  Projectile  through  the  Barrel  for  Round  2 

The  progress  of  the  shell  or  y(t)  k has  been  computed 

by  equation  (40)  noting  that  the  last  term  which  represents  the 
effect  of  the  variable  part  of  the  springs  force  is  negligible. 
The  double  time  integral  of  the  force  Dr  of  the  recoil  cylinder 

is  evaluated  by  graphical  integration.  Two  cases  are  considered. 

Case  (1)  M*  = 211,200  and  case  (2)  M*  * 200,150  lbs.  The 
results  are  shown  in  Table  9 for  Round  2,  the  values  of  Y in  the 
third  column  of  Table  8 being  reduced  to  feet. 
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Table  9*  Shell  Travel,  Round 
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The  curves  for  shell  travel  are  shown  for  the  two  cases 
in  fig.  6.  The  small  circles  represent  the  expansometer 
data.  It  is  evident  that  the  original  choice  of  M’  fits 
the  expansometer^ data  much  better  than  the  other  choice. 
For  this  reason  y and  y are, computed  ffor  round  2 using 
M1  = 211,200  and  obtaining  Y and  Y from(7b)  and  (7c). 

The  results  are  shown  in  Table  10  and  plotted  in  Fig.  6. 
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Table  10.  Relative  Velocity  and  Acceleration  of  Shell,  Round 
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X.  Friction  between  Shell  and  Gun  for  Round  2 


The  external  force  is  D(t)  * D(4o)  + Dr(t)  = 

X .073(10)6  + Dr(t)  lbs 


U)  F(t)  = Tlc^P  ( 

+ 58.6 


o,t)  -fl — . 

t 


^nr 


03  5 

y 


M’Y(t)  + D(t) 
g 

-mm  — ■ 

Y(t)  pounds  weight 


- .067  Py^\ 

' «* 

Using  the  equation  (7c)  for  Y the  steps  for  the  computa- 
tion of  F by  this  formula  are  shown  in  Table  11  for  the 
two  choices  of  M*  where  £,+  h = 7*862* 
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Table  11.  Friction  on  Shell,  Round 
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The  pressure  readings  were  rough  and  none  we re  obtained 
for  the  highest  pressures,  the  values  here  used  being 
interpolated.  In  both  cases  equation  (44)  leads  to  the 
absurdity  of  a negative  friction.  It  was  believed  that 
the  pressure  readings  were  too  low.  The  computations 
are  here  carried  out  in  the  two  cases  to  find  how  much 
they  need  to  be  increased  to  give  positive  F. 

Table  12.  Friction  F on  Shell,  Round  2. 


t sec 

Case  1 
F lbs 

Case  2 
F lbs 

0 

+ .85(10)6 

+ .85(10)6 

.0025 

- .56 

— . 43 

1 

.0050 

- .59 

- .40 

2 

.0075 

- .20 

+ . 04 

3 

.0100 

— • 45 

+ . 04 

4 

.0125 

- .38 

- .06 

5 

.0150 

- .49 

- .09 

6 

.0175 

- .70 

- .33 

7 

.0200 

- .06 

+ .14 

8 

.0225 

+ .51 

+ .73 

9 

.0250 

+ .22 

+ .39 

10 

.0275 

+ .31 

+ .43 

11 

.0300 

+ .97 

+1.03 

12 

.0315 

+1.75 

+1.79 

13 

.0331 

+2.14 

+2.14 

The  results  are  plotted  in  fig.  7 • The  maximum  powder 
pressure  in  these  computations  was  estimated  as  38,000 
lbs/in2.  In  case  one  it  should  have  been  5,000  lbs  higher, 
and  in  case  2,  2700  lbs  higher  to  make  the  computed  fric- 
tion always  positive.  It  is  evident  that  even  when  the 
powder  pressure  and  acceleration  of  the  gun  are  more  ac- 
curately known,  the  determination  of  F by  (44)  will  be 
almost  impssible  throughout  the  greater  part  of  the  range. 
The  fluctuations  in  the  curve  of  fig.  7 may  represent 
nothing  more  than  accidental  combinations  of  the  errors 
in  pressure  and  acceleration.  The  curve  may  be  somewhat 
reliable  near  ejection.  If  so,  and  if  the  force  is  of 
the  form  (28)  the  rise  near  ejection  must  be  attributed 
to  Fe,  that  is,  the  choking  effect,  of  the  thicker  gun 
barrel  at  the  muzzle.  The  term  ^yK  representing  kinetic 
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friction  would  be  rising  very  slowly  since  the  last  four 
points  of  time  in  fig.  7 correspond  to  velocities  y that 
are  very  close  together  as  shown  by  fig.  6.  It  is,  how- 
ever, hard  to  believe  that  the  force  on  the  shell  at 
ejection  is  more  than  double  that  required  to  start  it. 

XI.  G-eneral  Conclusions. 

The  theory  of  fluid  motion  in  section  3 which  leads 
to  derivation  of  powder  pressure  at  any  point  in  terms 
of  the  reading  of  the  pressure  gage  cannot  be  the  source 
of  the  principal  discrepancies  observed.  It  is  in  fact 
less  important  than  was  at  first  believed. 

The  uncertainty  as  to  the  mass  of  the  gun  by  11,000 
lbs,  adds  to  the  difficulties.  On  the  whole,  the  earlier 
choice  of  the  larger  mass  fits  the  observed  results  best, 
since  it  gives  sufficiently  correct  travel  of  the  shell. 

By  using  the  empirical  formula  for  round  2,  the  maximum 
acceleration  is  reduced  11  percent  from  the  earlier  values 
and  the  ejection  velocity  is  brought  within  2.5  percent  of 
observed  values.  The  lower  value  of  Mf  would  then  have 
about  the  same  error  in  ejection  velocity  but  an  error  of 
about  3 ft.  in  shell  travel.  The  expans ome ter  data  also 
fits  the  earlier  choice  of  Mf.  The  only  explanation  of- 
fered for  the  absurd  negative  values  of  the  friction 
between  shell  and  gun  is  that  the  powder  pressure  gages 
fail  to  record  the  maximum  pressure  by  five  thousand  pounds 
in  thirty-eight  which  is  about  11  percent  too  low. 

The  estimates  of  the  time  by  which  the  shell  gets  the 
start  of  the  gun  is  about  as  accurate  as  powder  pressure 
readings.  The  starting  force  required  to  start  the  shell 
corresponds  to  above  6,500  lbs/in^  pressure.  These  estimates 
involve  only  the  powder  pressure  measurements  and  the 
external  force,  the  latter  being  the  more  accurately  known. 
Neither  the  mass  of  the  gun  nor  its  acceleration  enter  into 
this  determination  of  starting  force  or  time  interval 
The  discussion  in  section  6 shows  that  this  timelT  is  so 
small  that  no  appreciable  displacement  or  velocity  is  ob- 
tained by  the  shell  by  the  time  the  gun  begins  to  recoil. 

It  is  concluded  that  the  determination  of  the  relatively 
small  force  F(t)  between  gun  and  shell  cannot  be  determined 
in  general  by  the  equation  (26b).  An  alternative  method 
would  require  some  outside  method  of  determining  the  elastic 
force  F0  of  equation  (28)  and  the  kinetic  friction. 
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The  numerical  test  Tor  round  2 indicate* that  F drops  in 
value  after  the  engraving  and  perhaps  rises  again  as  the 
shell  approaches  the  muzzle  although  the  latter  may  be  an 
illusion.  The  conclusion  was  reached  that  the  starting 
force  could  be  considerably  reduced  by  use  of  a pre-en- 
graved  shell  and  that  the  inertia  of  the  shell  would  prevent 
its  moving  far  before  the  pressure  reaches  its  maximum. 

This  opening  up  of  the  powder  space  would  have  little 
influence  in  the  reduction  of  pressure  in  view  of  the  rapid 
rate  of  rise  of  pressure  already  established  when  the  shell 
begins  to  move.  Although  great  increase  in  precision  of 
measuring  pressure  and  acceleration  of  recoil  are  desirable, 
the  determination  of  F by  this  method  will  still  be  very 
inaccurate.  It  was  concluded  that  F must  be  mostly  an 
elastic  reaction  plus  a kinetic  friction. 

The  accurate  representation  of  recoil  by  an  empirical 
formula  gives  an  alternative  to  graphical  differentiation. 
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A Preliminary  Study 


by  Prof.  H.  C.  Richards,  Ph.D. 

rofessor  of  Mathematical  Physics,  University  of  Pennsylvania. 


The  purpose  of  this  paper  is  to  review  the  forces 
acting  upon  a rotating  projectile  in  its  flight  and  to  esti- 
mate their  effects.  Such  a study  is  a necessary  prelimin- 
ary to  any  attempt  to  determine  the  deviation  of  a projectile 
from  its  path  due  to  its  rotation.  Moreover  it  will  serve 
to  bring  out  the  directions  in  which  further  investigation 
is  most  desirable. 

% 

The  first  part  of  the  paper  discusses  the  effects 
produced  continuously  on  the  direction  and  orientation  of 
the  shell  because  of  its  rotation,  while  the  second  part 
treats  of  the  more  or  less  transient  effects  which  are  pro- 
duced at  or  near  the  muzzle.  The  third  part  consists  of  a 
review  of  the  information  available  concerning  the  rate  at 
which  the  speed  of  rotation  decreases  during  the  flight. 

While  the  discussion  of  the  effects  of  the  various  forces 
is  of  course  applicable  to  projectiles  of  any  size  or  form, 
it  was  thought  best  to  concentrate  attention  upon  a particu- 
lar example.  The  14  inch  naval  armor  piercing  shell  was 
selected  as  a type.  The  constants  of  this  shell  were  ob- 
tained or  calculated  from  the  official  specifications  of  the 
shell  and  gun,  and  are  given  in  Table  1.  As  no  values  of 
the  moments  of  inertia  were  available,  an  estimate  was  made 
by  assuming  a simplified  body  approximating  to  the  true 


The  calculation  is  given  in  an  appendix. 


shell 
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Table  I. 


Constants  of  Naval  A.  P.  14  Inch  Shell 


Quantity 

Symbol 

Numerical  Value 

Weight 

W 

1400  lbs. 

Caliber 

d 

14  in. 

Length 

4 

49.44  in. 

Distance  of  center  of 
gravity  from  base. 

19.3  in.* 

Radius  of  tip 

7 calibers  ** 

Form  Factor 

i 

0.70 

Moment  of  Inertia  about 
axis  of  figure 

* C 

7.5  slug-sq.ft. 

Transverse  moment  of 
inertia  about  c.g. 

A 

45.0  " 

Ratio  of  moments 
of  inertia 

6.0 

Initial  velocity 

Vo- 

2800  ft. per  sec 

Pitch  of  rifling 

25  calibers 

Initial  angular  velocity 

itJo 

603  radians  per 

* This  value  is  estimated,  from  that  of  a similar  16  inch 
shell  which  is  given  as  22,1  in. 

**  On  account  of  the  bulge  of  the  cap,  the  shape  of  the 
shell  approximates  to  a 5 caliber  ogive. 
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PART  I.  THE  EFFECT  OF  ROTATION  ON  THE 
MOTION  OF  A PROJECTILE. 


The  forces  influencing  the  motion  of  a projectile 
are  due  to  the  gravitational  field  and  to  the  reactions 
of  the  surrounding  air.  The  latter  may  conveniently  be 
considered  as  of  three  parts;  first,  Lhe  resistance  oppos- 
ing the  motion  of  the  projectile,  which  acts  in  the  plane 
containing  the  line  of  flight  and  the  axis;  secondly,  the 
frictional  forces  due  to  the  rotation  of  the  projectile; 
and  lastly,  the  pressure  effects  due  to  the  air  carried 
around  by  the  projectile  in  its  rotation.  It  will  be 
convenient  to  consider  these  various  forces  separately. 


The  effect  of  gravity  need  be  considered  very  brief- 
ly here  as  its  influence  is  not  modified  by  the  rotation 
of  the  projectile.  Its  value  may  be  taken  as  constant  in 
magnitude  and  direction  except  for  very  long  ranges,  where 
the  necessary  corrections  are  well  understood.  It  may  be 
regarded  as  equivalent  t,o 
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(a)  A force  in  the  direction  of  the  tangent  to  the  path 
equal  to  -W  sin  © where  © is  the  angle  made  by  the  tangent 
above  the  horizontal  plane  (Fig.  1) . This  would  produce 
a change  of  speed  in  the  time  $ t equal  to 


= -g  sin  © {ft 


i/e*iicdjL 


(b)  A force  perpendicular  to  the  path  in  a 
plane,  equal  to  W cos  ©.  This  would  produce  a downward 
change  of  direction  of  the  tangent  equal  to 


'£  9>g  “ ■ Tcos  0 St 


Air  Resistance 

The  resistance  of  the  air  to  the  motion  of  a projec- 
tile is  usually  expressed  by  the  formula 

r = . p . i . f (V) 

4 * 

where  d is  the  caliber,  S is  the  density  of  the  air  rela- 
tive to  that  under  standard  conditions,  and  i is  the  !iorm 
factor",  a quantity,  assumed  independent  of  velocity,  de- 
pending upon  the  shape  of  the  shell,  and  equal  to  unity  for 
an  arbitrarily  selected  standard  shell  (an  ogive  of  two  cali 
bers).  The  factor  f(v)  therefore  represents  the  resistanc 
of  a standard  shell  of  unit  cross-section  in  air  of  standard 
density. 

In  passing,  the  question  may  be  raised  as  to  ho?/  far 
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the  assumptions  of  this  formula  are  correct.  At  the  high 
velocities  with  which  projectiles  move,  it  is  by  no  means 
certain  that  the  resistance  is  proportional  to  the  cross- 
section,  nor  that  the  form-factor  is  independent  of  -che 
velocity.  Direct  experiments  at  high  air  velocities  are 
desirable  to  test  these  points.  However,  -che  formula,  with 
empirically  determined  form-factor,  has  proved  satisfactory 
in  the  calculation  of  trajectories.^^ 


T71  n 

Another  uncertain  factor  in  R is  the  air  density  j 
An  "altitude  factor"  is  used  to  allow  for  che  varying  den- 
sity with  height  but  with  the  present  long  ranges  and  high 
elevations  it  is  a question  whether  variations  of  tempera- 
ture and  pressure  at  high  elevations  may  not  introdude  errors 
in  range  comparable  with  -chose  produced  by  other  sources. 

(See  GreenhfflJL,  Engineering,  Apr.  26,  1918).  Variations 
of  wind  witn  altitude  is  another  possible  source  of  error. 


The  function  of  velocity  (v)  has  been  frequently  dis- 

(O 

cussed.'  At  low  velocities  it  is  proportional  to  the 


T2j  

See  the  discussion  in  C.  Cranz,  Lehrbuch  der  Ballistik, 
Vol.  I,  p®6.  Also  p.  57.  This  important  work  in  four 
volumes  will  be  referred  to  as  Cranz . References  to  the 
first  volume  are  to  the  second  ( 19 IV ) edition. 


square  of  the  velocity  but  at  about  the  velocity  of  sound 

V 

it  rises  rapidly.  The  formula  of  Maye^ski,  which  has  been 
most  commonly  used  in  practical  ballistics  is 


f{v)  = A vn 


where  A and  n are  constants  which,  however,  take  different 


£+  O 
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values  for  different  ranges  of  velocities.  One  of  the 
most  -recent  discussions  is  by  Mallock  (P.R.S.  79,  1907, 

p.  262-273)  who  points  out  that  for  high  velocities  the 

3) 

function  is  nearly  linear'  . Mallock* s formula  is 

w ~ 

The  linear  law  was  first  suggested  by  Chapel.  See  W.  v. 

Scheve .Eriegstechn.  Zeits.  10  (1907)  p.  14,  quoted  by  Cranz. 

/ ~ 


= 2.53  (v  - 850) 


where  the  resistance  is  given  in  pounds  per  square  foot  and 


the  velocity  in  feet  per  second;  out  the  curve  given  by 


Mallock  (l.c.)  will  above  1800  feet  per  second  agree  more 


closely  with  the  formula 


= 2.93  (v  - 1000) 


and  for  these  high  velocities  this  latter  formula  also  agres  s 


better  than  Mallock’s  with  the  table  given  by  Cranz  (Vol.  1, 


page  58)  from  observations  by  the  firm  of  Erupp.  (See  Fig. 2). 
Thus  when  applied  to  the  14^  shell  of  form-factor  0.7,  the 


follo?/ing  results  are  obtained  for  the  resistance  R: 


From  May  e\  ski  * s formula 
n Mallock’s  formula 
” Mallock’s  curve 
**  Mallock’s  formula  modified 
” Krupp's  table 


3821  lbs. 
3692  lbs. 
3935  lbs. 
3950  lbs. 
3843  lbs. 


From  this  it  appears  that  here  the  most  recent  data  are 

in  substantial  accordance  and  the  formula  given  above  may  be 
used  without  serious  error. 

The  effect  of  the  air  resistance  on  the  translatory 
motion  of  a projectile  has  been  frequently  discussed,  and 
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methods  for  determining  the  trajectory  are  well  known.  They 
are,  however,  aside  from  the  present  discussion.  The  aata 
on  air  resistance  were  reviewed  above  because  this  also  plays 
an  important  part  in  the  effects  on  the  projectile  due  to  its 
rotation. 

As  long  as  a projectile  is  moving  strictly  end  on,  the 
only  effect  of  the  air  resistance  is  to  retard  it.  If  how- 
ever the  axis  is  inclined  to  the  direction  of  motion,  the  re- 
sultant resistance  will  also  be  inclined  to  this  direction, 
and  further  its  line  of  action  will  not  in  general  pass  through 
the  center  of  gravity.  Thus  in  Fig.  3,  if  the  axis  of  the 

projectile  is  inclined  by  an 
angle  to  the  direction  of 
motion  the  resistance  of 
R*  will  make  an  angle  & with 
- 1 ( , and  will  intersect  the 
axis  at  a point  P,  the  so-called 
center  of  pressure,  distant  a 
from  the  center  of  gravity  G. 

The  air  resistance  R1  is  therefore  equivalent  to 

(a)  A component  R'  cos^  in  the  direction  of  - V , 

acting  at  G. 

(b)  A component  R*  sin  {3 perpendicular  t,o  V , also 

acting  at  G. 

(c)  A couple  R!  a sin  (o^  +13.  about  an  axis  through 

G perpendicular  lo  the  axial  plane  (i.e.  the 
plane  containing  the  axis  and  the  line  of 
flight] . 
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These  expressions  involve  the  quantities  R?,  a and^. 

R*  is  the  resistance  of  the  air  to  the  tilted  projectile. 

No  experiments  have  apparently  been  made  on  the  variation 
of  resistance  with  tilt  at  high  velocities.  According  to 
a formula  given  by  Cranz  (Vol.  1,  p.  75),  the  increase  is 
small  and  proportional  to  the  sin^  of  the  angle;  so  that  for 
small  angles  it  may  be  taken  practically  equal  to  R. 

The  distance  a of  the  center  of  gravity  from  the  center 
of  pressure  is  for  similar  shells  proportional  to  the  caliber. 

It  may  therefore  be  written 

a = p d 

where  p is  a numerical  coefficient  depending  upon  the  design 
of  the  shell.  It  is  also  a function  of  the  tilt  but  for 
small  angles  is  usually  assumed  to  be  constant.  It  fa  how- 
ever  y*.  improbably  frnnti  ast  varies  somewhat  with  the  velocity. 

The  angle  also  depends  upon  the  form  of  the  projectile. 
It  varies  with  the  tilt  and  vanishes  with  it.  For  small 
angles  it  may  be  taken  proportional  too^,  or 

0 = , 


the  numerical  coefficient  q being  a function  of  the  design  of 
the  shell  and  perhaps  also  of  the  velocity. 

Unf ortunatelv  information  as  to  the  numerical  values  of 
the  coefficients  p and  q is  meagre.  Roggla  (M.A.v  G.  1912, 
p.  321)  gives  a table  (from  what  source  is  not  statedj  which 
contains  the  values  of  + l(called  k in  his  table)  and  JZ% 
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tho  distance  of  the  center  of  pressure  from  the  point  of  the 


projectile,  in  calibers.  Cranz  (Vol.  1,  p.  73)  gives  a 

theoretical  discussion  from  v/hich  the  same  quantities  may  be 

deduced  under  an  assumed  law  of  variation  of  resistance  with 

velocity  for  a projectile  with  a conical  end  corresponding  in 

height  to  an  ogive.  Other  data  on  the  center  of  pressure  may 

be  found  in  Cranz  but  are  not  applicable  to  small  angles  of 

n 

tilt.  The  values  from  Roggla 1 s table  and  those  calculated 
from  Cranz  are  given  in  the  following  table:  (See  Fig.  4). 

TABLE  II 


(i 


Radius  of 
Ogive 

Roggla 

Cranz  ^ 

— 1 
+ 
CJ1 

£Vd 

q + I 

Z'/a 

0.5. 

1. 

0.50 

1 

0.67 

1.0 

1.5 

0.55 

3 

0.77 

1.5 

2.3 

0.60 

5 

0.89 

2.0 

3.2 

0.70 

7 

1.01 

2.5 

4.0 

0.80 

9 

1.11 

3.0 

5.0 

0.9-0 

11 

1.21 

4.0 

7.3  ' 

1.00 

15 

1.38 

5.0 

10 . * 

1*0  S^x* 

19 

1.53 

-x-  Extrapolated. 


There  is  considerable  discrepancy  but  it  must  be  re- 
membered that  Cranz1  s values  are  calculated  for  a conical  tip 
and  therefore  are  probably  higher  than  for  the  correspond- 
ing ogive.  From  the  values  of  Jfc  the  values  of  p may  be 
calculated  if  the  position  of  the  center  of  gravity  of  the 
shell  is  known. 

For  the  14  inch  shell  which  has  been  taken  as  the 
type,  the  center  of  gravity  is  2.15  calibers  from  the  point. 
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Regarding  the  shell  as  an  ogive  of  five  calibers,  we  should 
obtain  for  p the  value  1.10  by  extrapolating  Roggla's  table 
or  0.62  from  Cranz.  The  values  of  q would  be  9 and  18 
respectively. 

The  components  of  the  air  resistance  may  non  be  written, 
when  the  tilt  is  not  too  great, 

(a)  R cos j3  = R in  the  direction  of  - 

(b)  R sin/5  = q R perpendicular  to  ' r - ^ i _ 

fluu-du  ctu2_ 

(c>  1ft  * p (q  + 1)  R d . c£ 

The  effects  of  these  will  now  be  considered. 

(a)  The  component  R cos  /3p.  cts  as  a retarding  force.  It 
reduces  to  R for  zero  tilt  and  may  be  taken  as  equal  to  R 
when  the  tilt  is  not  too  great.  The  retardation  in  the  time 
StzZ  will  be  given  by 

(<fir = - _j_  g 


It  is  clear,  however,  that  if  the  projectile  is  unstable  and  the 
tilt  therefore  large,  the  use  of  the  normal  value  of  R will 
lead  to  error. 

(by  The  component  R siny0,  or  q R©c  , has  no  effect  on  the 
speed  but  affects  thedirection  of  motion,  deflecting  the  path 

in  the  axial  plane.  Where  the  force  acts  as  in  the  diagram, 

cLL 


as  will  be  the  case  with  ordinary  pointed  projectiles,  the  Se- 
lection of  motion  \f  will  be  deflected  toward  the  instantane- 
ous direction  of  the  axis,  thus  diminishing  the  angle  . 

The  rate  of  the  deflection  will  be  given  by 
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NOTE:  Here  and  elsewhere  the  expression  {cf  0)  does  not 

necessarily  mean  the  change  in  the  angle  0 (which 
is  measured  from  the  horizontal),  but  the  shift 
of  direction  of  the  tangent  line.  Similarly  (<f°c, 
will  represent  a shift  of  direction  of  the  axis 
with  an  approximate  subscript  indicating  the  cause 
and  (J/  ) a change  of  the  azimuth  of  the  axial 
plane. 

(c)  The  couple  Lr  because  of  the  rotation  of  the  projec- 
tile will  produce  or  rather  maintain  a precession  of  the 
axis  of  the  projectile  about  the  line  of  flight.  Thus  if 
the  resistance  acts  as  in  Fig.O  , and  the  rotation  of  the 
shell  is  right  handed,  the  point  of  the  shell  will  be  tilted 
upward  from  the  plane  of  the  paper,  and  the  precession  will 
be  clockwise  about  the  line  of  flight  ^ , as  viewed  from  the 
rear.  The  precession,  i.e.,  rotation  of  the  axial  plane 
may  be  determined  from  the  vector  diagram.  (Fig.  5) 


v. 


( 


( 


...  - 


V>  ’■ 


H 


. - k } 

1 . ' 


• } 

■ c " tea 

d ' 5 » 

>s£*xoje1  o/W  mo*xl  be'xue.aem  si 

•■  ■ ■ : . 

-*  i i j.  _ x ~ r r t«r 


::  03  i 
or  it 

r s 

to 

3,t.o;  xxoiqq. 
o a.  • o o v 

0 i , XI  I vti  w 
V V b*:r> 

o rf  + 

X t V,. 

to 

osusoecr  •;.  < 

9 1 quo  o erIT 

, : 

aril  So  ao|e&eoe^  a ix|  Actxiljara  TOxIJbt:  *xc  :q  II1W  elx^ 

J . ■ ■ 

& ' 

oq&H*  etf  IX  xw  -L.ie.rfo  exit  to  inloq  9rfJ  < bo  war.  Silr^  -i  sx  Ix.';-xIb 

Iliw  noieB9 oo:XLT  oiiJ-  £>|  ,9il I xi  x'*..?-  b*iew^x» 

o r oi'  6ev;3lv  8.8  < 'rJ  Jxfem  to  nui  enx  Juoc  3 solvn.  oe  fo  o ‘ 

* * •** 

. 


-14- 


I 


Here  lr  S t is  the  change  in  the  time  $ t of  the  angular 
momentum  C G*  C being  the  axial  moment  of  inertia  and  tri 
the  angular  velocity  of  spin.  As  seen  from  the  diagram 

Lr  S t = cU(c/e^R  - cW  since (/yOR  = C #oC ( <f  y ) R 

Substituting  for  its  value  p (q  + 1)  R d .^.obtained 
above  (page/2J,  the  expression  for  the  precession  becomes 

<<f o')*  = -nJ.3. + . LL3-A  <f  t 

1 c to 

and  the  change  in  the  direction  of  the  axis 

(<S>R  - -J-'Vw*---  fll*Wyv 

It  will  be  noticed  that  the  rate  of  precession  does  not  de 
pend  on  the  angle  of  tilt,  and  that  the  change  of  the  tilt 
is  proportional  to  the  tilt  itself. 


NOTE:  In  the  foregoing  discussion  the  rate  of 

rotation  of  the  projectile  has  been  as- 
sumed so  high  that  the  angular  momentum 
perpendicular  to  the  axis  may  be  neglected. 
The  effect  of  the  moment  Lr  may  be  written 
more  exactly 

Lr  dt  = C GwfsinoCd^  - A -J sincs£co3o£d  y/ 

(where  A is  the  transverse  moment  of  inertia] 
from  which  is  obtained  the  equation 


A - G W(-|r^R  + P(q  + 1)  R d = 0 

CLL  Ct  b 

This  gives  for  the  precession 

f—  . 

, dUA  _ C&fr  , -t/“  4 p(q  + l;  A R a 

dt~'R  ” ~2 TT  • - f 1 ' c2 
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or  as  an  approximation 


4W)n  = ,U-  d 

Up  'R  c M 


(1 


p (q  + lj  A ii  1 


C^ilJz 


The  more  exact  solution  also  indicates  the  criterion 
of  stability,  the  condition  being 

1 _ 4 p (q  + 1)  A R d ^ 

<r  - c2«2  1 

The  quant  ity  here  defined  is  taken  as  the  measure  of  uhe 
stability  of  the  shell. 

In  the  case  of  the  typical  shell,  taking  as  above 
p = 1.10  and  q - 9 with  R = 3900  lbs, 

1 _ 1 

" ~^rr^r 

so  that  the  shell  is  initially  stable;  and  since  the  resis- 
tance R decreases  much  more  rapidly  than  the  angular  velocity 
it  follows  that  it  remains  stable  throughout  its  flight. 

Thus  when  fired  with  a range  of  25,000  yards,  the  final  ve- 
locity is  1373  ft. /sec.  from  which  the  value  of  R may  be 
estimated  as  1040  lbs.  As  the  time  of  flight  is  42  seconds 
and  the  logarithmic  decrement  of  the  spin,  as  estimated  later, is 
.0025  the  final  velocity  of  rotation  will  be  543.  These  data 
give  the  result 

1 = 

<7~  6-9 

which  indicates  a much  greater  stability  than  at  the  beginning 
of  the  flight.  The  actual  values  of  the  precession  would  be 
Initial  12.6  radians  per  sec. 
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or  at  the  rate  of  about  two  cycles  per  second  at  the  start 
and  about  half  a cycle  per  second  at  the  end  of  the  flight. 


Frictional  Forces 


A considerable  part,  and  if  the  projectile  is  not  rotat- 
ing^ the  whole,  of  the  frictional  force  of  the  air  will  be  in 
the  axial  plane  and  will  therefore  be  included  in  and  insepara 
ble  from  the  resistance  R.  With  a rotating  projectile  there 
will  be  additional  tangential  forces.  These  when  the  projec- 
tile is  traveling  end-on  w ill  be  symmetrical  and  the  sole  ef- 
fect will  be  to  decrease  the  spin.  When  there  is  a tilt,  the 
forces  on  the  front  and  rear  of  the  projectile  will  be  unequal 
and  unsymmetrical  so  that  there  will  be  a resultant  force  per- 
pendicular to  the  axial  plane.  For  the  same  reason  ih.e  axis 
of  the  frictional  couple  will  no  longer  be  directed  along  the 
axis  of  the  projectile.  The  effect  may  be  examined  by  con- 
sidering the  diagram  Fig.  6.  Here  the  rotation  of  the  pro- 
jectile is  supposed  to  be  right  handed  as  indicated  by  the 
ThQ  frictional  forces  may  for  simplicity  be 
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considered  equivalent  to  two,  each  perpendicular  to  the  axial 
plane,  a force  F1  on  the  front  surface  of  the  projectile  act- 
ing outward  from  the  plane  of  the  paper,  and  an  inward  force 
Fg  on  the  rear.  These  again  are  equivalent  to 

(a)  A force  F = F^  - Fg  perpendicular  to  the  axial  plane 
acting  at  G^and  a couple  Lp  whose  axis  is  in  the  axial  plane 
not  in  general  coincident  with  the  axis  but  making  an  angle 
with  its  negative  direction.  This  may  he  resolved  into  two 
c oupl e s 

(b)  cos  V in  the  direction  of  the  negative  axis. 

(c)  Lf  sin  ^ at  right  angles  to  it. 

Corresponding  to  this  analysis,  the  frictional  forces 

will  produce  three  effects  upon  the  projectile. 

(a)  The  resultant  F will  deflect  the  path  perpendicular- 
ly to  the  axial  plane  in  the  direction  (Fp  being  the  greater 
force)  given  by  turning  a right  handed  screw  from  direction 
of  \f  to  that  of  M (i.e.  in  the  direction  of  the  vector 
product  vTTl-I ) . The  amount  of  the  deflection  in  the  time 
eft  is  given  by 

• ( cf  «>F  -4-  S t 


( A © ) rp  here  does  not  represent  the  change  in  the  angle  6 but 
the  change  in  direction  of  the  tangent^  (See  note  cage  JL5J 
(b)  The  couple  Ip  cos  ^ acts  simply  to  retard  the  rate 
of  spin  of  the  projectile.  The  amount  of  this  decrease  may 
be  written 
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(c)  The  couple  Lp  sin  ^produces  a precession  causing 
the  momentum  axis  to  rotate  in  the  axial  plane  toward  the 
line  of  flight  and  so  decrease  the  tilt.  The  amount  of 
shift  of  the  axis  will  he  given  by 


( So<-  ) 


F 


. % sin  y r 


as  is  readily  seen  by  the  vector  diagram.  Fig,  7. 


of  the*  resultant  force  F or  the  angle  ^except  that  they 
approach  zero  with  the  tilt  r Scarcely  any  more  in- 

formation is  at  hand  concerning  the  value  of  the  couple  Lp. 

The  evidence  on  the  law  of  decrease  of  spin  of  a projectile 

* 

is  reviewed  in  the  third  part  of  this  paper,  and  it  is  there 
shown  that  the  few  known  observations  are  not  inconsistent 

with  theory  •ass  vrniihUftg 

Lp  COS  X k -yr-  ^ 

^H.e re  k is  a constant  determined  from  the  experimental  re- 
sults to  be  about  .09  cm. /sec.  or  .035  in. /sec.  This  would 

give  for  the  loss  of  spin  the  value 
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and  for  the  spin  at  any  instant 

W =(rfc  e-kt/d 

The  experiments  were  all  made  with  shells  of  from  3 to 
4 l/2* caliber,  and  it  is  uncertain  whether  the  formula 
may  he  extended  much  beyond  these  limits.  If  it  is  per- 
missible to  apply  the  results  to  the  14  inch  shell,  the 
value  of  the  frictional  couple  at  the  beginning  of  the 
flight  would  be 

Lp  0OSfV  = .035  — 7.*.5  603  = 11.3  lb-ft 

w 14 

The  loss  of  spin  of  this  shell  would  in  general  become 

= - „«_055_ , Cufcf  t = .0025  (J6  t 

14 

and  the  speed  of  rotation  at  any  time 

W - 603  ^-*0025  t 

These  results  perhaps  give  the  order  of  magnitude  of  the 
frictional  couple  and  its  effect.  They  may  also  Throw  a 
little  light  on  the  other  quantities  involved.  The  other 
moment  Lp  sin  ^ , at  least  for  small  angles  of  tilt,  has  a 
smaller  value.  Its  effect,  however,  is  continuous  as  it 
always  acts  to  decrease  the  -oilt.  Thus  a couple  of  2 lbs- 
ft  would  diminish  the  tilt  by  about  1.5  minutes  of  arc  per 
second. 

To  estimate  The  value  of  F we  may  take  the  extreme 
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This  shows  that  F can  hardly  "be  more  than  20  pounds.  A 
force  of  this  magnitude  would  deflect  the  line  of  flight 
at  the  rate  of  about  0,5  minute  of  arc  per  second;  but  as 
its  direction  is  constantly  changing  because  of  the  rotation 
of  the  axial  plane,  the  effect  is  negligible  except  perhaps 
in  cases  where  the  tilt  of  the  projectile  is  pre 

ponderatingly  in  one  direction. 

Force  due  to  Air  Pressure 

There  remains  to  be  considered  the  effect  on  the  pro- 
jectile of  the  air  carried  round  by  it  in  its  rotation. 

This  is  sometimes  known  as  the J^gnus  effect.  Here  again 
there  will  be  no  effect  if  the  projectile  is  traveling  end 
on.  But  if  the  axis  is  Lilted  there  will  be  produced  an  in- 
equality of  pressure  on  the  two  sides  of  the  axial  plane. 


side  A the  rotating  air  is  advancing  and  will  be  more  con- 
densed than  on  the  side  B where  it  is  (relatively)  retreat- 
ing. The  pressure  on  Lhe  side  A will  consequently  be  greater 
than  that  on  the  side  B.  If  Pq  and  Pg  are  the  integral  com- 
ponents of  these  pressures  taken  over  the  lwo  sides  of  Lhe 


Consider  a section  parallel  to  the 


line  of  flight  perpendicular  to  tie 
axial  plane.  (Fig.  8).  As  drawn, 
the  point  of  the  projectile  is  above 
the  plane  of  Lhe  paper  and  the  di- 
rection of  rotation  in  the  section- 


al plane  will  be  as  shown.  On  the 
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projectile  there  will  he  a resultant  force 

p = px  - p2 

perpendicular  to  the  axial  plane.  (The  components  in  the 
axial  plane  are  included  in  the  resistance  R.J  This  force 
is  in  the  opposite  direction  to  the  frictional  force  P. 
Furthermore,  unless  this  resultant  happens  to  act  through 
the  center  of  gravity  of  the  projectile,  there  will  he  a 
couple  Lp  with  its  axis  in  the  axial  plane.  This  couple 

will  be  opposite  to  the  frictional  couple  and  will  there- 

"■  ' .....  > '*? 

fore  tend  to  increase  the  tilt. 

For  spherical  projectiles  and  low  velocities  the  ef- 
fect of  this  force  exceeds  that  of  the  frictional  force. 

£ 

This  has  been  shown  by  observations  on  spherical  shells, 
and  is  also  familiar  in  the  well  known  curving  of  a rotat- 
ing base  hall  or  golf  ball.  As  the  speed  increases,  rhe 
effect  is  less  noticeable  and  it  has  been  suggested  by 
Henderson  (P.R.S.  82,  1909,  p.  555)  that  it  becomes  neglig- 
ible at  high  velocities  because  the  projectile  is  carried 
away  from  the  air  too  fast  for  the  lateral  pressure  to  be 
produced.  Experiments  as  to  the  amount  and  limits  of  this 
effect  are  very  desirable.  At  present  all  that  can  be  sail 
is  that  in  the  case  of  high  velocities  such  as  those  here 
considered  the  frictional  force  F will  be  replaced  by  F-P 
and  the  frictional  moment  affecting  the  tilt  by  Lp  sin  ^ 
where  the  appended  terms  are  small  or  negligible. 
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Summary 


It  will  be  seen  that  the  forces  which  have  been  con- 
sidered produce  four  different  kinds  of  effect;  they  modify 
the  magnitude  and  direction  of  the  velocity,  and  Lhe  magni- 
tude and  direction  of  the  spin. 

(1)  The  magnitude  of  the  velocity  is  modified  by  the  com- 
ponent of  gravity  W sin  © (increased  or  diminished  according 

i 

as  9 is  negative  or  positive)  and  is  decreased  by  the  compon- 
ent of  the  resistance  W cos  jQ . 

(2)  The  direction  of  motion  9 is  curved  downward  in  a 
vertical  plane  by  the  component  of  gravity  ¥ cos  9,  is  bent 
towards  the  instantaneous  position  of  the  axis  by  the  com- 
ponentof  the  resistance  R si n^  and  is  deflected  at  right 
angles  to  the  axial  plane  by  the  difference  of  the  forces  F 
and  P. 


(3)  The  magnitude  of  the  spin  is  diminished  by  the  com- 
ponent of  the  frictional  couple  Lp  cos  ^ . 

(4)  The  direction  of  the  axis  of  spin  is  deflected  at 
right  angles  to  the  axial  plane  by  the  resistance  couple  Lp> , 
and  in  this  plane  by  the  difference  of  the  frictional  and 
pressure  couples  Lp  sin  - Lp,  the  net  effect  being  to 
diminish  the  tilt. 

The  amounts  of  these  various  effects  are  summarized 


in  the  following  table: 
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Table  III 


Changes 

in 

Changes 

in  60 

Force 

Magnitude 

Direction 

Magnitude 

Direction 

Gravity 

- g sin  9 <ft 

- ^ cos  §£  t 

in  vertical 
plane 

Resistance 

- | s 

§ y qoCtft 



toward  axis 

-t  to  axial  plane 

Friction 

V if  <ft 

to  axial 
plane 

. jEfltft.  ^ sinV  r 

d ”W  c W <J  1 

towards  line  of 
flight 

Pressure 

P £ X t 

Ln 

p « 

¥ Y V 

opposite  to 
F 

cur  6 % 

away  from  line 
of  flight 

The  changes  in  direction  may  be  represented  graphically 

by  the  following  device.  Describe  a large  sphere  about  the 
center  of  gravity  of  the  projectile  and  suppose  it  to  have  the 
motion  of  translation  of  the  projectile  but  no  rotation.  Let 
the  positive  prolongation  of  the  tangent  to  the  trajectory  and 
of  the  momentum  axis  intersect  the  sphere  at  points  \T  and  M 
respectively.  The  distance  between  and  M,  measured  in 

terms  of  the  radius  of  the  sphere,  will  be  the  tilt  of  the  pro- 
jectile ^ . As  the  projectile  moves  the  points  V*  and 

I.l  will  describe  curves  on  the  sphere  which  will  indicate  the 
shift  in  direction  of  these  vectors.  This  is 

illustrated  in  Fig.  9.  Let  \f  and  33^  be  the  points  represent- 
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irgthe  directions  of  the  tangent  and  axis  at  any  instant. 

The  line  XT  M will  then  represent  the  tilt  c^-  . In  a small 
interval  (f  t the  point  IT  would  he  shifted  hy  gravity  to  the 
point  g,  hy  the  air  resistance  to  r,  by  friction  to  ^ and 
by  the  pressure  to  p.  T^e  resultant  of  these  displacements 
will  cause  the  point  to  shift  to  V the  new  position 

of  the  tangent.  During  the  same  interval  the  point  M 
would  be  shifted  to  R by  the  resistance,  to  F by  the  friction 
and  to  P by  the  pressure.  The  resultant  shift  would  bring  it 
to  Mf.  The  new  value  of  vfould  uhen  be  represented  by 
v 1 M 1 . 
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The  relative  values  of  the  displacements,  which  are 
intentionally  misrepresented  in  the  diagram  in  order  10 
bring  out  more  clearly  the  directions,  may  be  illustrated 
by  a special  case.  For  bhis  purpose  the  values  were  com- 
puted  g-rfflji  the  typical  shell,  using  plausible  data  as 
suggested  in  the  previous  discussion.  The  velocity  was 
taken  as  2800  ft.  per  sec.,  at  15  degrees  from  the  hori- 
zontal^ and  a tilt  of  1 degree  was  assumed.  The  component 
displacements  of  the  line  of  flight  were 


ifs  = 

.0110 

d4 

Ifr  = 

.0050 

'r 

II 

.00016 

and  the  simultaneous  variations  in  the  direction  of  the 
axis. 

MR  = 0.221  £ t 

MP  - MP  = .0044 

At  the  sametime  the  velocity  has  changed  by 

S lT  = - 97.4  <ft 

and  the  spin  by 

(fto  = 1.51<ft 

If  the  data  were  sufficiently  accurate,  the  behavior 
of  the  projectile  in  its  flight  could  be  followed  by  draw- 
ing such  a diagram  to  scale  and  continuing  it  from  If*  and 
M’  using  the  new  values  of  the  variables.  Such  diagrams 
have  been  drawn  by  Henderson  (P.R.S  . £a^J  82,  /19  - A , p.  55b) 
Roggla  (M.A.G.  Wien  43,  1912,  p.  317);  and  Burzio  (Rivista 
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V 


di  Artigliera  & Genio  35,  1918,  II  p.  1). 

These  curves  show  the  general  characteristics  of  the 
motion.  They  illustrate  for  instance  the  fact  that  usually 
the  axis  is  inclined  (with  right  handed  rifling)  more  to  the 
right  than  the  left,  so  that  the  resistance  component  R sin  £ 
deflects  the  projectile  on  the  whole  to  the  right  producing 
the  ” drift”.  Since  small  variations  in  the  constants 
would  produce  considerable  changes  in  the  form  of  the  curve 
it  was  not  thought  desirable  to  trace  such  a curve.  'Then 
more  accurate  information  is  available  as  to  the  values  of 
the  quantities  involved,  the  construction  of  such  curves 
may  throw  considerable  light  upon  the  motion  of  the  projec- 
tile . 
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PART  II. 


EFFECTS  DUE  TO  DISTURBANCES  AND 
TO  WANT  OF  SYMMETRY . 


In  the  previous  discussion  it  has  been  assumed  that 
the  motion  of  the  projectile  has  been  affected  only  by  the 
continuously  acting  forces  due  to  gravity  and  to  the  air. 

It  has  also  been  assumed  that  the  projectile  is  a symmetri- 
cal solid  rotating  about  its  axis  of  figure.  In  the  preseit 
section  will  be  considered  the  effect  first  of  disturbances 
acting  on  the  projectile,  especially  at  or  near  the  moment 
of  its  ejection  from  the  gun,  and  secondly  of  a lack  of  sym- 
metry. Under  the  first  head  may  be  included  effects  caused 

t>y 

(1)  Vibrations  of  the  C-un. 

(2)  Jump  and  Whip  of  the  Gun. 

(3)  Blast  from  a Neighboring  Gun. 

(4)  Irregular  Escape  of  the  Powder  Gases  and 

Direct  Action  of  the  Blast. 
j 

While  the  second  would  include 

(5)  Lateral  Displacement  of  the  Center  of 

Gravity. 

(6)  Angular  Displacement  of  the  Principal 

Axis  of  Inertia. 

Since  the  perturbations  produced  by  these  causes  are 
not  symmetrical  with  respect  to  the  line  of  flight  they  would 
in  general  produce  a deflection  of  the  path.  It  is  desirable 
therefore  to  estimate  the  magnitude  of  these  possible  distur- 
bances. 

Before  taking  up  these  results  separately,  it  will  be 
convenient  to  consider  briefly  the  theory  and  the  effect 
(a)  of  an  impulsive  moment  applied  to  the  spinning  projectile; 
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(b)  of  a deviation  of  the  principal  axis  of  inertia  from 
the  axis  of  figure.  To  simplify  the  discussion  it  will 
be  assumed  in  each  case  that  no  other  forces  are  acting  up- 
on the  projectile. 

( a ) Effect  of  an  Impulsive  Moment 

Let  a symmetrical  projectile  of  principal  moments  of 
inertia  A and  C be  rotating  about  its  axis  of  figure  with 
angular  velocity  U)o»  Its  angular  momentum  will  then  be 

M0  = C CO  o 

Let  now  a couple  of  moment  L act  for  a brief  time  about  a 
perpendicular  axis.  The  angular  momentum  produced  about 
this  axis  will  be 

m'  = yl  at 

so  that  the  angular  velocity  produced  will  be 

f Mf 


A 


The  resultant  angiilar  velocity  and  momentum  U)  and  M are  ob< 

tained  by  composition  as  in  Fig.  10.  The  instaneous  axis 

A 


FIG. 


of  rotation  will  make  an  angle  / with  its  original  direction, 
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tan  <f  - 

W o 


while  the  axis  of  momentum  will  (if  A > C,  as  is  the  case 
with  elongated  projectiles)  be  shifted  through  a greater 
angle  <r  + <f 1 where 

tan  { cf  + cf  * ; ~ — --  = — q — tan 


Since,  as  assumed,  no  other  forces  are  acting,  the 
angular  momentum.  M will  subsequently  remain  constant  in 
magnitude  and  direction.  The  changes  in  the  vectors 
may  then  be  represented  by  considering  the  figure  to  rotate 
about  the  line  OM.  The  directions  of  the  axis  of  the  pro- 


jectile and  of  the  instantaneous  axis  of  rotation  will  de- 

i <r 

scribe  cones  of  amplitudes  cf  + cf  h respectively;  and  the 


motion  of  the  projectile  about  its  instantaneous  axis  (jD 
may  be  represented  by  that  of  a cone  of  amplitude  cf  rolling 
upon  a fixed  cone  of  amplitude  cT1  , (Fig.  ID,  the  axis  of 


the  rolling  cone  corresponding  to  that  of  the  projectile. 

V (M> 

M 


FIG.  1 1. 


To  obtain  the  rate  at  which  t\ie  axis  OC  will  rotate 


e m 


about  the  line  the  motion  of  a point  on  the  axis  at 
unit  distance  from  0 may  be  considered.  The  instantaneous 
velocity  of  this  point  is  sin  cf  perpendicular  to  the  plane 
through  the  axes,  from  which  it  follows  that  US’ 
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J°L  = 


t-0  sin  <f~ 


UJ 


sin  (cT + cf'  ) 
and  therefore  by* 


sin 


m/\mm  - 0 It)  o 

A cos  ((T  + & * j 

The  axis  of  projectile  will  therefore  return  to  its  original 
direction  at  intervals  equal  to 


T = __2_  IT  A cos  ( C f + cf'  ) 

C U)0 

The  average  angular  deviation  of  the  axis  from  its  initial 
direction  will  "be  cf  + cf  ’ , and  the  maximum  will  be  twice 
this  amount.  The  direction  of  the  average  deviation  will 
be  that  of  the  axis  of  the  impulsive  couple. 

Applying  these  results  to  the  case  of  the  14  inch 
shell  where  A - 45,  C = 7.5  Cl)  - 603,  the  average 
tilt,  supposed  small,  in  terms  of  the  applied  impulsive 
moment,  is  given  by 

cf  + <f ' = :i 

4523 

or  in  terms  of  the  angular  velocity  imposed 


6 U)  1 

603 


Expressing  the  result  in  another  way,  to  produce  a 
displacement  of  average  amplitude  1 degree  would  require  an 
impulsive  moment  amounting  to 

M'  = — ^5 — = 79  lb. -ft. -sec. 

57.3 


or  v/ould  require  an  imposed  transverse  angular  velocity  of 
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1.75  radians  per  second 


tU*  = 

57.3 

The  period  will  be  independent  of  the  amplitude  and  will  be 

O -IT  Y 6 

T — = .0626  second 

* 6 0 o 

As  has  been  stated,  it  is  here  assumed  that  the  pro- 
jectile is  subjected  to  no  forces  except  the  impulsive  force 
producing  the  disturbance.  The  results  therefore  are  strict 
ly  applicable  only  to  the  brief  interval  after  leaving  the 
muzzle  when  the  propulsive  force  of  the  blast  is  practical- 
ly balanced  by  the  resistance  of  the  air,* 


* The  force  of  gravity  of  course  has  no  effect  on  the 
rotation  of  the  shell. 


When  the  latter  predominates,  the  motion  will  be  modi- 
fied by  a precession  around  the  line  of  flight.  The  tip  of 
the  projectile  will  no  longer  describe  a circle  but  a looped 
curve  similar  to  the  diagram  Fig.  12  (taken  from  Cranz,  Vol.I 
p.361),  returning  however  as  before  periodically  to  the  orig- 
inal direction.  The  amplitude  of  the  displacement  and  the 
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interval  betv/een  the  successive  passages  through  the  orig- 
inal direction  will  each  he  somewhat  increased.*::-  HoY/ever, 


* Approximately,  when  the  shell  is  fairly  stable,  by  the 
friction  l/2<T  , where  is  the  ” stability”.  (See 

above,  p.  IS"  ) . 


since  the  modifications  are  not  very  great  in  the  case  of  a 
stable  shell,  the  approximate  theory  may  be  considered  suf- 
ficient in  the  present  discussion. 


(b)  Effect  of  a Displacement  of  the  Principal  Axis 
of  Inertia. 


If  the  principal  axis  of  inertia  C makes  a small  angle 
with  the  axis  of  figure,  the  effect  is  similar  to  that  of  an 
impressed  impulsive  moment.  Let  </"  be  the  angle  between 
the  axes.  Up  to  the  instant  of  ejection  the  projectile  is 
forced  to  rotate  about  its  axis  of  figure,  its  angular  velocity 
at  ejection  being  CjJ  o*  The  component  angular  velocities 
along  the  principal  axes  are  6U0  cos  ^ and  IaJq  sin  & , and 
the  angular  momenta  along  these  axes  are  C (M0  cos  £ and 
Al0o  s^n  ^ respectively.  The  total  angular  momentum  is 
found  by  compounding  these  as  in  the  diagram  (Fig.  13). 


Mi. a&cos.* 


FIG.  13. 
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The  momentum  axis  therefore  makes  with  the  instantaneous 
axis  00  o an  angle  ( S'  ) which  will  be  opposite  to  S 
when  A C • Since  after  ejection  the  angular  momentum 
remains  constant,  the  figure  may  as  before  be  considered 
to  rotate  about  the  axis  0 M and  the  motion  of  the  projec- 
tile represented  by  that  of  a cone  of  amplitude  ^ rolling 
on  a fixed  cone  of  amplitude  (f ' . The  vector  diagram  is 

precisely  like  that  of  the  previous  case  except  that  it  is 

through  the  angle  cf  and  W0  takes  the  place  of  0 . 

’ 

The  principal  axis  of  inertia  G will  rotate  about  the  vector 


0 M with  the  period 


T 


2 TT  A cos  ( <f  + S' ) 
cCtfo  cos 


which  is  for  small  angles  practically  equal  to  the  result 
in  the  previous  case. 

There  are  two  points  of  difference  from  the  former 
case.  The  first  is  that  the  deviation  of  the  axis  of  momen- 
tum, and  hence  the  average  displacement  of  the  principal  axis 
from  the  line  of  fire  is  now  not  S'  but  (f 1 , where 

S ' : -<f 

fytyu^c^A^  cut-L*  o-f-  C A-  GostULm  6 M ^ 

The  other  'is  tha^the  axis  of  figure  of  the  projectile  now 

coincides  not  with  the  axis  of  the  rolling  cone  but  with  the 
element  of  the  cone  which  coincided  withC^0  at  the  instant 
of  ejection.  This  axis  will  therefore  describe  an  epi- 
cycloidal  cone,  the  amplitude  of  the  loops  being  £ on  either 
side  of  the  cone  described  by  the  axis  of  C. 

In  the  case  of  the  14  inch  projectile  where 
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A/C  = 6 

/'  - 


Therefore  to  produce  a deviation  averaging  1 degree  on  one 
side  of  the  line  of  fire,  the  principal  axis  of  inertia  must 
be  tilted  0.2  degree  from  the  axis  of  figure. 

The  effects  of  the  various  causes  enumerated  above  will 
now  be  considered  in  turn. 

( 1)  Vibrations  of  the  Gun 

From  records  taken  of  the  motion  of  the  muzzle  of  the 
gun  in  recoil,  the  amplitude  of  the  muzzle  vibration  is  ap- 
parently  less  than  one  millimeter.  Assume, 

Amplitude  = l/25  inch 

Frequency  =100 
Muzzle  velocity  = 2800  ft. /sec. 

Then  the  maximum  velocity  would  be 


2 7 T x 100 
25  x 12 


2 ft. /sec. 


This  is  the  lateral  velocity  which  would  be  given  to  the  shell 
if  it  emerged  when  the  muzzle  was  passing  the  equilibrium 
position. 

The  direction  of  flight  might  then  be  shifted  by  about 

o 

2800"'  cr  a^ou"t'  If  the  shift  was  in  the  vertical 

plane,  it  would  produce  a maximum  change  of  range  of  about 
+_  43  yards  in  a range  of  25,000  yards. 

In  addition  to  this  lateral  velocity  there  would  be  im- 
pressed upon  the  shell  on  ejection  the  angular  velocity  oi 
the  gun  at  that  instant.  This  would  produce  the  effect  dis- 
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cussed  under  (a)  above.  If  the  ejection  occurred  at  the 

time  of  maximum  velocity,  it  might  be  estimated  as  00  - — — 

50 

or  -gg—  radians  per  sec.  (taking  50  ft.  for  the  effective 
length  of  the  gun).  This  rotation  about  a transverse  axis 
would  tilt  the  axis  of  momentum  by  an  angle 


A_ 

0 


or 

CjOo 


where  A and  C are  the  principal  moments  of  inertia  of  the 
shell  and  CO  Q its  angular  velocity  of  spin.  Since 

s 6 COo  = 603 


A 

0 


we  have 


<r*<f 


.0004  = 1.4* 


25  x 603 

The  oscillations  would  therefore  be  of  very  small  amplitude. 

It  may  therefore  be  concluded  that  unless  the  vibra- 
tions are  considerably  greater  than  estimated,  their  dis- 
turbing effect  may  be  neglected  in  the  case  of  the  14  in. 
shell.  However,  it  is  very  desirable  to  obtain  more  reli- 
able data  on  this  point.  But  little  work  has  been  none,  aid 
that  on  rifle  barrels.  See  Cranz  Vol.I,  p.  328;  also  0. 
Cranz  Sc  K.R.Koch,  Munch. Akad.Ber .21  (1901)  p.  572;  0.  Cranz, 
Sitzber.  Berlin.  Math.  Ges.  3 (1904)  p 11. 

( 2 ) Jump  and  Whip  of  the  Gun 

In  the  Bureau  of  Standards  report  on  the  tests  of  The 
firing  of  the  U.S.S.  Mississippi  in  1918,  the  jump  and  whip 
were  investigated.  The  maximum  effect  observed  at  the  in- 
stant of  ejection  of  the  shell  7/as  a jump  of  1.2  ft.  per  sec 
with  an  angular  displacement  of  5.5  minutes.  These  gave  a 
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variation  in  range  of  98  yards,  (See  Table  IV  of  the  report  ). 
The  average  deflection  was  much  less  than  this. 

In  addition  to  the  effects  considered  in  the  report, 
the  angular  velocity  of  the  muzzle  would  be  communicated  to 
the  shell  as  in  the  case  of  the  vibrations,  producing  a 
similar  effect.  As  the  maximum  observed  velocity  is  about 
half  that  estimated  as  due  -uo  vibrations,  it  is  evident  that 
in  this  case  also  the  disturbing  effect  is  very  small. 

(3)  Blast  from  a Neighboring  Gun 

There  is  available  as  yet  little  information  on  the 
magnitude  of  the  forces  in  the  blast. * An  estimate  of  the 


* The  blast  from  a rifle  has  been  studied  by  M.  Okochi,  Pro.. 
Toky.  Math.  Phys.  Soc  . f2)  7 (1913)  104-114  and  by  C'.Cranz 
& B.  Glatzel,  Ann.  Phys.  43  (1914)  1186-1204. 


possible  effect  on  a shell  of  the  olast  from  a neighboring 
gun  has  been  made  from  a study  of  a series  of  photographs 
taken  of  the  discharge  of  a 12  inch  gun  fired  with  a muzzle 
velocity  of  2200  feet  per  second. 

This  study  made  by  Dr.  F.  E.  Kester  gave  the  following 
data  which  will  serve  at  least  to  give  approximate  values. 

Longitudinal  diameter  of  blast  - 15  ft. 

Transverse  diameter  of  blast  - 22  ft. 

Longitudinal  velocity  of  blast  - 630  ft. /sec. 

Transverse  velocity  of  blast  - 500  ft. /sec. 

Using  these  data,  it  is  possible  to  calculate  the  ef- 
fect of  a projectile  traveling  through  the  blast  assuming  the 
whole  effect  to  be  lateral.  The  force  may  be  estimated  by 
the  formula  for  air  resistance  + ) 
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p being  the  relative  density  of  the  gas,  i the  form  factor, 
S the  area,  and  f(v)  the  tabulated  force  per  unit  area  on 
standard  shell  at  standard  density. 

The  density  of  the  gas  is  estimated  by  dividing  the 
charge  by  the  volume  of  the  cloud  which  may  be  assumed  an 
oblate  spheroid  of  diameters  15  and  22  ft.  The  volume  is 
therefore 

V = -4-  TT  . 11  . 11  . = 3800  cu.ft. 

The  normal  charge  is  270  lbs.  Assuming  that  2/3  of  the 
charge  was  in  the  blast,  the  density  of  the  gas  would  be 


7^^-  = *°47  lbs.  per  cu.  ft. 

or  nearly  2/3  the  density  of  air.  This  seems  reasonable, 
for  M.  Okochi,  working  with  a rifle  blast  closer  to  the 
muzzle  obtained  values  two  or  three  times  the  density  of 
air. 


The  form  factor  _i  of  the  projectile  viewed  laterally 
may  be  estimated  at  3/2.  That  of  a hemisphere  is  1.35, 
while  the  form  factor  of  the  projectile  end  on  is  0.70. 

The  cross-section  of  a 14  inch  projectile  is  about 
580  sq.in. 

The  value  of  f(v)  from  Krupp ’ s tables  (Cranz 

IbS?) 

Vol.  for  152  m/sec.  = 500  ft./sec.  is 

.027  kg/sq.cm.  ~ 0.385  lbs. /sq.in. 

We  may  then  calculate  the  transverse  force  on  a 14 
inch  shell  passing  through  the  blast  as 


3 


•x  580  x 0.385 


R 


2 

3 


x 


223  lbs 
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The  time  during  ?/hich  the  force  acts  is  -chat  during  which 

15 

the  shell  travels  through  the  blast  or  --gg-QQ - = .005  sec. 

The  transverse  velocity  produced  would  therefore  be 
R t 223  x .005  x 52 

v - ~ 1400  ~ *025  ft./  sec . 

The  effect  of  a blast  of  a 14  in.  gun  may  be  estimated  as 
about  twice  this. 

To  estimate  the  effect  upon  the  axis  of  the  shell,  we 
may  assume  the  center  of  pressure  to  be  3 inches  from  the 
center  of  gravity. 

The  moment  of  the  impulse  will  then  be 


M* 


223  x 


3 

TS 


x 


.005 


0.29  lb. ft. sec. 


This  moment  would  tilt  the  axis  less  than  l/47  . While 
there  is  much  uncertainty  as  to  the  data  assumed,  there 
seems  no  reason  to  doubt  that  the  results  give  the  order  of 
magnitude  of  the  effect.  It  may  therefore  be  inferred  that 
the  blast  of  a neighboring  gun  has  a very  small  effect  upon 
a shell . 

(4)  Irregular  Action  of  Powder  Gases  and  Direct  Action 
of  Blast 

On  this  point  there  is  no  information  except  that  it 
is  shown  by  photographs  that  the  gases  sometimes  escape 
first  from  one  side  and  the  ulast  is  consequently  unsymmet- 
rical.  The  effect  may  be  estimated  by  assuming  that  the 
center  of  pressure  is  displaced  one  inch  during  the  time 
in  which  the  shell  travels  the  last  uwo  feet  of  its  path 

i 

in  the  gun.  The  moment  of  the  impulse  will  be 
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M' 


L dt  s F r t 


P S r t 


where 


the  pressure  of  the  powder  gases  = 
10000  lbs. per  square  inch 


or 


S 

r 

t 

M 


7Td2/4  = 154  sq. in. 


= 1/12  ft . 

2 

2800  sec 


I a 


154  x 10*  x 2 


= 92  ft. lb. sec. 


12  x 2800 

This  would  produce  an  oscillation  of  a little  over  1 degree 
amplitude. 

After  the  shell  emerges,  the  blast  would  continue  to 
act  unsymmetrically , but  its  effect  would  rapidly  diminish. 

It  seems  therefore  that  a considerable  want  of  symmetry  would 
be  necessary  to  produce  appreciable  oscillations.  Further 
evidence  of  the  magnitudes  of  the  quantities  here  involved 
seems  very  desirable. 

Even  if  the  blast  were  symmetrical,  it  would  produce 
an  acceleration  of  the  shell,  and  also,  if  the  shell  was 
tilted  from  some  other  cause,  a rotating  couple.  There  is 
evidence,  somewhat  conflicting,  of  the  acceleration.  The 
magnitude  of  this  effect  cannot  be  estimated  until  giore  data 
are  available. 


( 5 ) La t eral  Displacement  of  the  Center  of  Gravity 


i 


If  the  center  of  gravity  of  a shell  is  displaced  a dis- 

A 

tance  r but  the  shell  is  otherwise  balanced,  the  center  of 
gravity  while  the  projectile  is  in  the  gun  will  move  in  a 
helix  of  radius  r;  when  it  leaves  the  gun  it  continues  to 
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move  along  the  tangent  to  the  helix,  and  therefore  in  a di- 
rection which  may  be  found  by  compounding  the  muzzle  veloci- 
ty v with  a transverse  velocity  00 0 r. 

There  may  also  be  a tilting  moment  at  the  time  of  ejec 
tion,  beginning  to  act  when  the  bourrelet  is  free.  Thus  if 
X Z are  the  coordinates  of  the  center  of  gravity  measured 


HG.I4. 


from  the  center  of  the  rotating  band  (Fig.  14),  there  will 

be,  due  to  the  rotation,  a couple  -iL.  co  1 X Z acting  in 
^ g 0 

nearly  a constant  direction  during  the  uime  between  the 
emergence  of  the  bourrelet  and  that  of  the  band.  In  addi- 
tion, if  the  center  of  pressure  of  the  powder  gases  is  at 
the  center  of  the  base,  this  will  produce  a couple  of  magni- 
tude P S X in  the  same  direction,  P being  the  pressure  of  the 
powder  gases,  S the  area  of  the  base  of  the  shell.  These 
couples  are  more  or  less  neutralized  by  one  due  to  the  rigidity 
of  the  rotating  bands  Lp.  The  resultant  couple  will  then  be 

l = | iz  + p s x - Lr 


and  the  impulse  moment 
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1 

i 

i — i 

i 

H'  = Cl  dt 

= (_LP£  | x z + psx  - Lp)  t 

g 

where  t,  the  time 

during  which  the  couple  acts,  is  given  by 

+ _ b 

vo 

b being  the  distance  between  bourrelet  and  band. 

These  expressions  may  now  be  applied  to  the  14  inch 
shell,  in  order  to  estimate  the  probable  effect  of  the  cavity 
being  eccentric.  The  net  loss  of  weight  due  to  the  cavity 
being  filled  with  charge  instead  of  iron  has  been  calculated 
to  be  about  140  lbs.*-  or  l/lO  the  total  weight  of  the  shell. 


*-  See  appendix. 

Therefore  a shift 

of  the  cavity  of  .05  inch  would  shift  the 

c.g.  by  only  .005 

inch.  This  estimate  seems  excessive,  and 

it  is  probable  that  a blow  hole  in  the  metal  of  sufficient 
size  to  produce  an  equal  shift  would  be  detected  by. the 


shell  being  below 

normal  weight. 

Assuming  X s 
will  be  given  by 

5 .005  in.,  the  transverse  velocity  imparted 

0 

V = 00o  X = 

- 603  x .005  x l/l2  - 0.25  ft. /sec. 

which  would  change  the  direction  of  flight  by  only  0.31. 
To  calculate  the  tilting  effect,  we  may  assume 
X = .005  in.  P = 10000  lb./sq.in. 


Z = 16  in. 

S = 154  sq.  in. 

b = 22  in. 

W = 1400  6^s*. 

V0=  2800  ft. /sec.  Lr^  0 
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from  which 


t 


22 


12  x 2800 


.00065  secs. 


if 


M'ar/L  dt  ^ ( h|°-  6052  x -Jpx  -£|-  + 10000  x 154  xZ^5-)  .00065 


^ ( 8840  + 642)  .00065 
^ 6.2  lb. ft. sec. 


Since  it  would  require  79  lb. ft. sec.  to  produce  an 

c. 

osillpation  of  the  axis  of  1 degree  amplitude,  the  effects 
here  considered  would  produce  an  amplitude  of  less  than  5’. 

It  is  therefore  not  to  be  expected  that  the  displace- 
ment of  the  center  of  gravity  will  have  great  effect  on  the 
motion  of  the  shell  in  normal  cases. 

( 6 ) Angular  Displacement  of  the  Principal  Axis 

The  effect  of  an  angular  shift  of  the  principal  axis  of 
inertia  has  been  discussed  under  (b)  above^  To  apply  these 
results  to  the  present  problem  the  amount  of  the  shift  will 
be  calculated  on  the  assumption  that  a given  mass  is  added 
to  (or  subtracted  from)  a symmetrical  projectile. 

Let  M1 , A0,  B0,  Cc  be  the  mass  and  principal  moments 

of  inertia  of  the  shell  (A0  = BQ) ; m the  added  mass. 

The  axis  of  the  shell  is  taken  as  the  axis  of  Z,  the 

plane  through  the  added  mass  as  that  of  X Z ( the  origin  be- 

ing at  the  original  center  of  gravity  of  the  shell),  and  the 
coordinates  of  the  added  mass  as  0 z^.  (Fig.  15).  The 
center  of  gravity  is  shifted  to  the  point  G1  whose  coordinates 
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The  moments  and  products  of  inertia  about  parallel  axes 
through  the  new  ^center  of  gravity  must  now  be  determined 
Let  them  be  denoted  by  A,  B,  C;  D,  E,  F respectively. 
Then 


A 


A, 


- (M  + m) 


«2 

M m Z1 
M + m 


2 —2 

C = Cn  + m X?  - (M  + m)  X “ C 


2 

M m Xi 


M + m 


D = p = 0 by  synsmetry 
E - 0 + m X1  Z1  - (M  + m)  X Z 


M m Xx  Z-l 

M + m 


Now  the  moment  of  inertia  about  an  axis  in  the  plane 
of  Z X making  an  angle  (f  with  the  axis  of  Z is  from  the 
property  of  the  ellipsoid  of  inertia. 

C*  = A sln'-'S  + C cos,:/«  2 E sin  $ cos  (T 
If  this  is  the  principal  axis,  it  is  a minimum  (or  maximum)  so 
2QL-  = 0 = 2 A sin^cos^  - 2C  sin^cos^*  - 2E  (cos'^  - sin^) , 
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t> 


> 


i.e.  tan  2 


6- 


2 E 
A-C 


Sub s ti tut ing 


tan  2 


<f= 


Mm 

Iv!  + m 


A0  - C0  + — (Z2 


If  the  ratio  re/M  is  snail  -n— ^ — - 1 

M + m 


M + m 1 


xl  ) 


So  that  approximately 


= tan 


m *1  Zx 

An  - C( 


If  for  instance  the  asymmetry  is  produced  in  a 14  inch 
shell  by  a 5 pound  piece  of  metal  (perhaps  a piece  of  the 
rotating  band)  being  removed  from  a point  on  the  edge  of  the 


TJ 

base  of  the  projectile  (X-i  - - —Ur 

Urx&L. 

of  the  axis  iro  found  to  be 


19 

T2" 


) the  tilt 


* S 2 tC9 
****** 


- .000385  = 13 


and  a tilt  of  this  amount  it  has  been  shown  above  would  pro- 
duce an  oscillation  of  amplitude  less  than  1 degree.  As  it 
is  unlikely  that  an  accidental  want  of  symmetry  of  the  pro- 
jectile would  be  at  all  comparable  with  that  assumed,  it  is 
probable  that  oscillations  due  to  this  cause  would  be  of  very 


small  magnitude. 
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PART  III.  THE  DECREASE  OF  SPIN  OF  A RIFLED 
PROJECTILE  IN  FLIGHT 

As  has  been  stated  above  (p ./£),  but  little  informa- 
tion is  available  concerning  the  decrease  in  spin  of  a pro- 
jectile during  its  flight.  The  theory  and  the  experimental 
data  are  summarized  in  the  following  paragraphs. 

The  ory 

Consider  a projectile  of  diameter  d,  length  moment 
of  inertia  C,  rotating  with  angular  velocity  00  . The 
frictional  moment  retarding  the  spin  may  be  assumed  propor- 
tional to 

(1)  the  relative  velocity  of  the  surface,  (jO  d 

(2)  the  area  " " !f  , oc  d. 

(3)  the  radius  / / ^ d 

Therefore  _ „ 

Lp  o^Cd3  (a) 

But  for  similar  projectiles  C<^c:^d4,  so  that 

Lp  — — k " * C/tO  j 

and  as 

w = ° 4^- 

it  follov/s  that 

dCO  _ __kCO 

d t “ d 

The  coefficient  k will  vary  with  the  form  of  the  shell 
and  probably  also  with  its  velocity  and  its  tilt.  As  a first 
approximation,  k may  be  assumed  constant.  For  a value  which 
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would  "be  probably  more  accurate  it  might  be  taken  proportional 
to  the  air  resistance  per  unit  area. 

If  k is  constant,  the  spin  at  any  time  will  be 
00  -G0o  e-kt/d  * 


_ II 

* This  result  is  equivalent  to  that  obtained  by  Roggla, 
who  gives  the  formula  y) 

CO  - OJ  e-°  *dH/C 

0 P 

the  letters^  having  the  same  meaning  and  standing  for 
the  ratio  Jo/d . 


yvu. 


If  k decreases  with  the  velocity,  the  spin  falls  off 
more  slowly  than  the  formula  indicates. 

The  total  number  of  revolutions  in  a given  time  t is 
obtained  by  integrating  the  expression  for  Ct)  and  is  found 
(when  k is  constant)  to  be 


\A  Ci)o  d 4 + 

VI  = # i — 3-  ^ 

2 TT k ^ 0 

A,  the  initial  rate  of  spin  in  revolutions  per 


or  if 

2-rr 

second. 


Vt  = 


k 

(1  - e~  0 t) 


Experimental  Data 

The  general  view  has  been  -ohat  the  change  of  spin  is 
very  small  (see  Rohne  1911,  quoted  by  Cranz  III;285).  There 
have  been  few  published  results.  These  may  be  summarized 
as  follows: 

(1)  F.  Nee sen  has  been  experimenting  since  1902  on  the 
ballistic  data  of  projectiles,  using  a projectile  with  a 
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magnesium  flame  on  one  side  and  photographing  the  traces 
which  appear  as  dotted  lines  because  of  the  spin.*  He 


* For  description  of  shell  see  Xriegst.  ZS.  1903  p.  112 

gives  few  results  on  the  rotation  and  these  are  somewhat 
indefinite.  As  far  as  they  can  be  used  to  determine  k, 
they  are  as  follows: 

(a)  In  1902  Neesen  gives  data  for  two  shells  of  8.8  cm 
caliber.  He  finds  that  after  traveling  1340  meters  they 
move2.935  and  2.905  meters  respectively  during  one  rotation. 
Using  ballistic  tables  which  give  a final  velocity  of  300 
meters  per  second,  he  calculated  a spin  of  102.7  revolutions 
per  second.  From  the  initial  velocity  assumed,  the  initial 
spin  was  110. 

The  time  of  flight  is  not  given  but  using  ballistic 
tables  and  probable  values  for  the  constants  it  may  be  esti- 
mated as  3.67  seconds.**  Using  these  values,  we  have 


**  Nee son  states  that  the  shell  was  Ma  heavy  field  shell  88” 
(Feldgranate ) . The  data  for  this  are  given  by  Heydenreich 
( II  pp  93  & 157 ) . 

d = .088  m Initial  vel.  = 442 

4 = 2.6  cal  Rot. per  sec.  = 100 

W = 7.45  kg  Rifling  = 1 to  50  cal 

Form  factor  about  1.155 

The  shell  was  therefore  probably  fired  with  a muzzle  velocity 
442  x 110/100  = 486  meters  per  sec.  Rrom  these  data  and 
the  given  final  velocity  of  300  meters  per  sec.  the  time  of 
flight  is  estimated  as  3.67  secs. 


k 

= 110  e 


3.67 


102.7 
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whence  _k_  ( k = 0.165  cm/sec 

d •Ui°'  ( = 0.065  in/sec 

This  result  is  very  uncertain  because  of  the  various 
assumptions  necessary  to  obtain  it. 

(b)  In  1906,  he  gives  results  obtained  from  a 16  kg  shell 
of  11  cm  caliber  fired  from  a Krupp  howitzer  with  25  calibers 
rifling.  The  data  given*  are  as  folloY/s: 


* Some  of  these  data  are  supplied  by  Heydenreich  Vol.  II, 
p.  146. 


Final 

Velocity 

Angle 

of  Fall 

initial 

Final 

Range 

Initial 
Veloc ity 

Ob-  From 

served  Tables 

served 

From 

Tables 

Rota- 

tion 

Rota- 

tion 

1550  m 

161  m/sec 

144 

(146) 

20° 

20°17 1 

59.1 

55.6 

1550 

304.1  " 

270 

(262) 

5°10  1 

5°44  1 

110.6 

107.1 

3000 

304.1  " 

230 

(232) 

12°40 ! 

13°44 1 

110.6 

99.5 

From  these  we  may  by  ballistic  tables  estimate 


Angle  Departure  Time 


19° 

36  1 

10 

5° 

15* 

5 

11° 

34’ 

11 

Flight  Coefficient  Form 

8 sec.  1.9 
5 " 1.7 
7 " 1.7 


(The  large  value  of  the  coefficient  of  form  indicates  a blunt 
or  rather  unsteadypro jectile ) . 


Using  these  values  of  time,  we  obtain 

k/d  k(cm/ sec ) k( in/ sec ) 


1.  .00565  .0622 

2.  .00588  . 06477 

3.  .00950  .1045 


.0245 

.0254 

.0412 
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NOTE:  Heydenreich  gives  somewhat  different  data. 

In  particular  100.3  for  the  final  velocity 
in  case  3.  This  would  give  for  the  last 
line 

3 1 .00837  .0921  .0363 

Neesen  has  continued  his  work  but  no  more  data  are  at 
present  available. 

(2)  Bethell  in  " Modern  Guns  and  Gunnery"  (1910)  states 
(giving  no  details)  that  by  "recent  experiments  with  mechani- 
cal fuses  depending  for  their  action  on  the  spin  of  the 

shell it  is  found  that  a Q.F.  field  shell  loses  about  10%' 

of  its  spin  at  3000  yards  and  20%  at  5000  yards. w The  shell 
was  probably  an  18  pounder  (3.3  in.  caliber).  Again  he 
states:  "It  is  now  considered  that  the  15  pounder  loses  20% 
of  its  velocity  of  rotation  at  3000  yards  and  30%  at  5000 
yards.  Shells  which  are  steadier  in  flight  and  of  larger 
caliber,  such  as  the  18  pounder,  lose  their  velocity  of 
rotation  at  about  half  this  rate." 

In  the  absence  of  further  data,  it  is  not  possible  to 

determine  k from  this  with  any  certainty.  It  is  probable 

\ 

that  these  results  are  from  a preliminary  report  of  the  ex- 
periments of  Hill  ( discussed  below ) since  in  a revision  of 
1913  Bethell  substitutes  Hill's  results.  It  is  therefore 
unnecessary  to  attempt  to  estimate  k from  these  data. 

(3)  In  1911  Captain  H.  W.  Hill  published  results  on  the 
loss  of  spin  of  shrapnel.  The  method  was  to  use  a mechani- 
cal fuse  which  exploded  the  shell  after  a definite  number  of 
revolutions,  and  to  observe  the  time  of  burst  and  range. 
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Kis  principal  series  of  experiments  was  made  with  an  18 
pounder  gun  (3.3  in  caliber)  and  the  results  (given  in 


table)  are  the  means 

of  18  rounds 

at  each  range. 

Numb  er 

Range 

Time  to  Burst 

Revolutions 

(Yards) 

( Seconds ) 

1200 

2631 

6.70 

2400 

4703 

14.04 

3700 

6675 

22.48 

The  initial  spin  was  not  measured  but  calculated  from 
the  assumed  initial  velocity  of  1590  feet  per  second  and 
rifling  pitch  of  30  calibers  to  be  192.5  revolutions  per 
second.  This  is  doubtful^as  the  gun  was  stated  to  be  an 
old  one.  With  a 15-pounder  (caliber  3 in.)  he  made  a 
single  series  as  follows: 

Number  Range  Time  to  Burst 

Revolutions  (Yards ) ( Seconds) 

3200  4963  16.98 

Initial  spin  was  calculated  from  initial  velocity  of 
1581  and  rifling  pitch  of  28  calibers  to  be  226  but  was 
assumed  to  be  223  to  allow  for  M over-ride M . 

In  reducing  his  results  Hill  uses  ranges  instead  of 
times  and  deduces  the  percentage  loss  of  spin  as  function 
of  the  range.  It  seems  preferable  to  discuss  them  using 
time  as  the  variable. 

( a ) The  18  pounder  experiments. 

As  the  data  giving  the  initial  spin  are  doubtful  it 
may  be  considered  unknown.  Using  the  equation  obtained 
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A and  k/d  are  determined  from  each  pair  of  observa- 
tions . 

The  first  and  second  lines  of  the  table  give  the 

result 

A = 187  , -g-  = .013 

So  that 

Oi)  = 2 7 r 187  e“  •°13  1 

The  second  and  third  give 

A = 182  , -4~  = .009 

7 d 

So  that 

Ca)  = 2 IT  182  e“'009  t 

The  values  for  the  initial  spin  agree  within  but  are 
considerably  different  from  that  assumed  by  Hill.  The 
results  indicate  that  value  of  k,  and  hence  the  rate  of 
loss  of  spin  diminished  ?/ith  time,  as  is  suggested  by  theory 
The  experiments,  hov/ever,  are  hardly  sufficient  to  show  this 
Thus  if  it  is  assumed  that 


A 

= 183.8; 

Hr  = *010 

So 

that 

N 

= 18380  ( 1 

- e-01  b 

We 

obtain 

t 

N 

6.70 

1191.1 

14.04 

2407.6 

22.48 

3700.3 

ou  tnewx 
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Which  is  probably  within  the  limits  of  experimental  error. 

(See  curve  Fig.  16) 

k 

The  conclusion  from  these  experiments  is  that  is 

about  .01,  which  would  give 

( k = .035  inches  / second 

( 

( k = .084  cm  / second 

It  should  be  added  that  Hill’s  results  were  criticized 
by  H.  J.  Jones,  who  pointed  out  the  inaccuracy  of  the  data. 
Jones  gives  an  empirical  formula  to  represent  the  data. from 
which  he  infers  an  initial  spin  of  178.4  revolutions  per 
second.  This  is  probably  too  low. 

(b ) The  15  pounder  experiments 

Here  data  are  given  for  but  one  range.  It  is  necessary 
to  know  the  initial  spin.  If  as  Hill  assumes  this  was  223 
revolutions  per  second,  the  value  of  k/d  is  given  by 

3200  = 223  (1  - e-  16*98) 

the  solution  of  which  is 

= .0204;  k * .0612  in/sec  = .156  cm/sec 


If  on  the  other  hand,  the  initial  spin  is  taken  as  much  be- 
low its  theoretical  value  as  with  the  18  pounder,  its  value 
would  be 

184 

226  x — — = 216 

192.5 


and  we  should  obtain 


k 


d 


0165;  k 


0495  in/sec  - .126  cm/sec 
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The  results  indicate  the  order  of  magnitude  to  he  the 


same  as  for  the  18  pounder. 


Summary  of  Results 


d(  cm) 

V0(  m/sec)  t 

k/a 

k(  cm/ sec ) 

k(  in/s' 

Wee sen  1902 

8.8 

484 

3.67 

.019 

.165 

.065 

Nee sen  1906 

11.0 

161 

10.8 

.0057 

.062 

.025 

rt  ti 

11.0 

304 

5.5 

.0059 

.065 

.025 

t?  1! 

11.0 

304 

11.7 

.0095 

.105 

.041 

Hill  1911 

8.4 

485 

22.5 

.010 

.084 

.033 

U T! 

7.6 

482 

17.0 

.020 

.156 

.061 

Of  these  results  the 

first  and 

last  are  least  accurate 

and  the  best  are  probably  those  of  Hill  with  the  8.4  cm  shell. 
We  may  estimate  k as  therefore  about  .08  or  .09  cm/sec  for 
average  shells  of  from  7.5  to  11  cm  caliber.  We  have  no  in- 
formation as  to  how  far  we  my  extrapolate  these  values  for 
larger  or  smaller  projectiles  or  for  different  velocities. 
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APPENDIX 


Calculation  of  Moments  of  Inertia  of  a 
14- inch  Shell 


In  order  to  obtain  an  estimate  of  the  moments  of 
inertia  of  the  shell  a simplified  body  was  assumed  consist- 
ing of  a semi-ellipsoid  mounted  on  a cylinder  with  a cavity 
of  the  same  description  uniformly  filled  with  the  charge, 
and  an  added  copper  ring  and  pointed  tip.  The  moments  of 
inertia  of  this  body  were  calculated  about  a point  on  the 
axis  19.3  inches  from  the  base,  as  this  corresponds  to  the 
center  of  gravity  of  the  actual  shell.  As  a check  a calcu- 
lation was  made  of  the  position  of  the  center  of  gravity 
of  the  assumed  body. 

Figure  17  gives  the  essential  dimensions  of  the  actual 
shell  as  given  by  the  specifications,  and  Figure  |8  those 
assumed  for  the  simplified  bod?/.  (All  distances  are  given 
in  inches.)  In  Figure 

indicates  the  center  of  gravity  of  the  outer 
semi-ellipsoid. 

Ep  indicates  the  center  of  gravity  of  the  outer 
cylinder. 

Eg  indicates  the  center  of  gravity  of  the  inner 
semi-ellipsoid. 

Cg  indicates  the  center  of  gravity  of  the  inner 
cylinder. 

R indicates  the  center  of  gravity  of  the  ring. 

S indicates  the  center  of  gravity  of  the  tip. 

G indicates  the  assumed  center  of  gravity. 
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FIG.  17. 


FIG  18. 


r/xrsssj ass 


The  distances  from  G are  indicated  on  the  margin  of 
the  figure. 

The  weights  of  the  different  parts  of  the  shell  as 
given  in  the  specifications  are  as  follows: 


Shell 

Wind  Shield 
Cap 

Base  Plug 
Copper  Band 
Charge 
Fuse 

Gasket,  etc. 


1196.5  + 4 lbs. 
5.8 

84.1 

51.2 

29.4 

29.5 
3.0 
0.5 


Total 


1400.0  4 lbs. 


The  combined  weight  of  the  shell  plug  and  cap  is 
therefore  1335.3  lbs.  This  will  correspond  to  that  of  the 
simplified  shell  without  charge,  ring,  or  tip. 

The  weights  of  the  different  elements  of  the  simplified 
shell  were  obtained  as  follows: 

Vol.  large  semi-ellipsoid  — 7T  72  20  = 2055 

M " cylinder  TT  72  24.3  = 5745  5800 

Less  n small  semi-ellipsoid  *7T  3,952  10.6  = 346 

a 

,T  cylinder  7p3.95  6.2  = 304  650 

— - ■-  — ■ ■ . ■ ■ 

So. Vol.  of  shell,  cap  and  plug  = 5150 

Therefore 


Weight 

of 

large 

semi-ellipsoid 

2055 
51 50' 

X 

1335 

= 532.8 

h 

t! 

T! 

cylinder 

3745 

5150 

X 

1335 

= 971.0 

H 

ft 

small 

semi- ellipsoid., 
cavity 

346 

dim 

X 

1335 

= - 89.7 

n 

f! 

M 

cylinder 

cavity 

304 

5150 

X 

1335 

= - 78.8 
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Weight  of  charge  in  ellipsoid 
" M ” " cylinder 

So  net  weight  of  small  ellipsoid 


346 

650 

304 

650 


x 29.5 
x 29.5 


it  n 


it  n Ti 


cylinder 


= 15.7 
= 13.8 
= -74.0 
= -65.0 


The  C.  G.  of  a semi-ellipsoid,  is  — a from  center 
The  longitudinal  (rad.  gyr.)2  is 


-§-  t2 

5 # 


The  transverse  (rad.,  gyr.)2  through  center  is  _ L-  (a2  + b2) 

b -a  -ft 

Q o 1 O 10  O 

. . transverse  (rad.  gyr.)  through  C;.  G.  is  — — bf  + a^ 

Here  a and  b are  the  longitudinal  and  transverse  semi-axes. 

Tt 

For  each  figure  was  calculated 

(xLojithjL  dU&faujce- 

x the  distance  of  C.  C-.  from  base/ar  from  G. ^ 

it  'A  / 

2 p 

k^  the  (rad.  gyr.)  about  axis  of  figure. 

o p 

k2  the  (rad.  gyr.)  about  perpendicular  axis 
19.3  in.  from  base  (G). 

20  + 24.3  = 31.8  from  base  (or  12.5  from  G.J 

= 19.6  sq.in. 


(1)  Ell. j x = 


2 _ 


8 


ktr  = 


4 


2 72 


5 

72 


19 

520 


(202)  + (12. 5)2 


= 9.80  + 23.75  + 156.25  = 189.8  sq.in. 


...  - 


I 


, 


bea 


■> 


, • 


bioe :jlIXe  IX :s  o J Ion  tea  0. 

nabnllTO 


II 


i '■  r ■'"  1 C . * - 

o n ■■ 


% e 


O ■ r‘  V 

vv  rV  C 


f*.  C'4  V 


O C „ 

. 

c 


. 

♦ 

si.  . • • 


...  it.  a © ’ if! , rjoi.  y -r*  ^ br  o *3  o 

- : ' 

« . %y)  r’ 


'■> 


■ 


rui'C-CBD  af 

.5  ‘ .1 



. 

or'  j 

- m 

V 

S 

• 

. & 

. ■’■-'*  - ) 

s:,,1 

; v 

aixB  TBltfoJt&fi9ci’i9g 

, , " ' 


. 

. 


hi;  + - 

- S«  1 


« 


Q f .... 

V l> 


u: 


' a 

S»y 

•i-  **■*.  ,** 

a 


* si ) I ^ s)  "v.; 

- ■ 


a., 

o- 


> 


-59- 
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(2)  Cyl.x  x 


= 12.15  from  base  (or  7.15  from  G.) 


2 = 

1 

2 _ 


(3)  Ell, 2 X 


—1—  72  = 24.5  sq.in. 

Cs/ 

-i-  72  + ( 2.4.5 )2,  + (7.15)2 

4 12 

12.25  + 49.20  + 51.12  s 112.6  sq.in. 
3 


8 


10,6+9.9  = 13.88  from  base  (or 


2 

1 

2 = 


5.42  from  G.) 

2_  (7.9)2 

5 4 

1 (7.9)2 


= 6.24  sq.in. 

19 


320 


(10. 6)2  + (5.42)2  from  19.3 


(4)  Cyl.o  x 


2 _ 


k 


& = 


3.12  + 6.67  + 29.38  = 39.2  sq.in. 

3.1  + 3.7  = 6.8  from  base  (or  12.5  from  G.} 

1 (7.9)2  . 

— - — = 7.80  sq.in. 

2 4 

1 (7.9)2  (6.2)2  0 

— + (12. 5)2 


3.90  + 3.20  + 156.25  - 165.4  sq.in. 


(5)  Ring  x = 5.3  from  base  (or  16.0  from  Gj 


■ ,z  ■ 

. 

2 2 


49  sq.in. 

52  2 

° + 16 


12 


24.50  + 2.08  + 256.  - 282.6  sq.in 
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(6)  Tip. 


This  may  be  considered  with  sufficient 
as  a mass  concentrated  at  45.3  from  has 
26.0  from  G.) 


accuracy 
e (or 


k 


2 

1 


0 


262  = 676.  sq. in. 


W 

X 

k2 

Ki 

ks 

k2 

Wx 

Wkf 

Wk| 

Large 

Ell. 

532.8 

31.30 

19.6 

189.8 

16940 

10440 

101130 

Large 

Cyl. 

971.0 

12.15 

24.5 

112.6 

11800 

23790 

109340 

Small 

Ell.  Wet 

-74.0  7 

13.88 

6.24 

39.2 

-1030 

-450 

-2900 

Small 

Cyl.  Net 

-65.0 

6.80 

7.80 

163.4 

-440 

-510 

-10620 

Ring 

29.4 

3.30 

49.0 

282.6 

100 

1440 

8320 

Tip 

5.8 

45.30 

-- 

676.0 

260 

3920 

Total 

1400.0 

27630 

34710 

209190 

Whenc e 

C.  G. 

27630 

1400  ~ 19.7  in.  which  checks  fairly . 


Longitudinal  Mom.  Inertia 


54710 

1400 


24.8  sq.in. 


34710 

144  x 32.17  ~ 7#5°  Slus  " 


Transverse  Mom.  Inertia 
,2  _ 209190 

2 14^)0  149.4  sq.in. 

209190 

144  x 32.17  45.2  slug  - sq.ft. 

A _ 45.2 

C 


Eatio 


7.50 


6.03 
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REPORT  OF  OBSERVATIONS  MADE  BY  H . L . CURTIS 
ON  A TRIP  TO  FRANCE  AND  ENGLAND  DURING 
APRIL,  MAY,  AND  JUNE  1919. 


This  trip  was  undertaken  primarily  to  obtain  in- 
formation concerning  the  developments  in  ballistic  in- 
struments which  have  been  made  in  England  and  France 
during  the  war.  However,  observations  were  not  con- 
fined to  this  subject  alone  but  a number  of  other  sub- 
jects of  interest  to  this  Section  and  other  Sections 
of  the  Bureau  were  investigated. 

Reports  were  forwarded  to  the  Bureau  of  Standards 
from  day  to  day  concerning  all  points  of  interest  visited 
and  all  information  of  value  was  transmitted.  These 
fragmentary  reports  serve  as  the  basis  for  this  report 
which  will  deal  with  the  different  individual  subjects 
which  were  investigated. 

PART  I . SCIENTIFIC  INFORMATION  CON- 
CERNING BALLISTICS. 

To  secure  ballistic  information  in  France,  the 
ordnance  officers  of  the  French  army  and  navy  were  con- 
sulted in  Paris  and  the  various  developments  were  discussed. 
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.eiei  3MUL  dMA  tYAM  tJIH<TA 
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aaadT  . Jbad’Jimen.eitf  sjsw  eul.sv  lo  noitf-fimiolni  IIb  bn£ 
Jioqai  Bid*  10I  siaJBcf  ad*  e-e  aviae  aJioqai  yi-e^naras-eil 
eJoatcfne  iJBi/Jbivifcni  JnaialliJb  ad*  dJiw  I^aJb  Iliw  doidw 

. JbeJ-esiSsavni  9iaw  doidw 
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Permission  was  then  obtained  to  visit  various  proving 
grounds  and  laboratories.  The  proving  grounds  visited  were 
those  at  Versailles,  Gavres,  Quiberon,  and  Bourges.  Also 
the  laboratory  of  the  Commission  des  Poudres  at  Versailles  • 
was  visited  as  well  as  a number  of  university  laboratories 
in  Paris  where  various  phases  of  ballistic  investigations 
were  carried  on. 

In  England  many  of  the  officers  of  the  army,  who  have 
been  working  on  ballistic  problems,  have  been  demobilized, 
but  I visited  a number  of  these  at  the  university  labora- 
tories where  they  are  now  located.  The  Admiralty  had  been 
cooperating  with  the  National  Physical  Laboratory  in  making 
some  ballistic  investigations,  and  I was  given  every  oppor- 
tunity to  get  in  touch  with  this  work.  The  work  on  interior 
ballistics  is  being  largely  done  at  Woolwich  Arsenal  which 
I visited  on  two  different  occasions.  The  principal  work 
on  exterior  ballistics  is  being  done  at  Shoeburyness  Prov- 
ing Ground,  which  was  also  visited. 

The  following  discussions  will  be  by  subject,  reference 
being  made  to  the  places  where  the  investigations  have  taken 
place . 

1 . MEASUREMENT  OF  THE  INITIAL  VELOCITY  OF  PROJECTILES. 

The  measurement  of  the  initial  velocity  is  the  most 
important  ballistic  measurement.  It  has  long  been  given 
first  place  in  all  proving  ground  measurements.  During 
the  recent  war,  it  was  considered  of  such  importance  that 
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apparatus  was  devised  for  measuring  it  on  the  battle- 
front.  It  is  even  suggested  that  the  initial  velocity 
should  be  taken  of  every  projectile  fired  from  very 
heavy  ordnance  . 

(a)  Bouleng^  Chronograph:  At  all  of  the  proving 

grounds  which  I visited  the  Bouleng^  chronograph  is  the 
standard  instrument . In  France  they  use  a modification 
which  is  known  as  the  Boulenge-Berger  chronograph.  The 
only  important  modification  which  I could  find  is  that 
there  is  an  ammeter  placed  in  series  with  the  magnets  and 

the  current  is  always  regulated  to  a particular  value.  o 

/ 

At  a number  of  proving  grounds  there  was  a fall  ap- 
paratus  for  accurately  obtaining  a time  interval  of  a 
tenth  of  a second.  This  £as  used  occasionally  to  deter- 
mine the  accuracy  of  the  chronograph . At  the  proving 
ground  near  Versailles,  the  screens  are  so  placed  that 
the  time  interval  is  always  approximately  0.1  second  for 

4 

each  shot . 

At  most  of  the  proving  grounds  two  chronographs  were 
used  but  at  Bourges  a single  chronograph  is  used  for  de- 
termining the  velocity.  It  is  here  that  they  claim  the 
highest  accuracy  for  the  Bouleng^.  At  Quiberon  two 
chronographs  are  used  and  their  accuracy  is  tested  by 
interconnecting  the  circuits  in  such  a way  that  a single 
key  will  allow  both  sets  of  magnets  to  be  interrupted  at 
the  same  instant.  In  this  way  they  check  the  instruments 
against  each  other . 
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So  far  as  I could  learn  no  satisfactory  experiments 
have  been  made  to  show  the  limits  of  accuracy  which  can 
be  obtained  by  the  use  of  the  Boulenge  chronograph,  though 
at  some  of  the  proving  grounds  very  high  accuracy  is 
claimed.  While  the  Boulenge  is  the  one  instrument  that 
i s used  at  all  proving  grounds,  yet  practically  every  prov- 
ing ground  has  some  auxiliary  method  of  measuring  initial 
velocity.  These  will  be  discussed  below. 

(b)  Schultz  Chronograph:  At  a number  of  proving 

grounds  I found  that  they  have  Schultz  chronographs  but 
in  no  case  did  I find  that  it  was  being  used. 

(c)  Joly  Chronograph:  The  Joly  chronograph  was 

developed  by  Captain  Joly  of  the  French  Artillery  in  order 
that  he  might  obtain  the  velocity  of  projectiles  while 
operating  his  battery  at  the  front.  For  this  purpose  it 
proved  quite  satisfactory.  It  was  also  used  in  training 
areas.  It  is  now  being  used  at  the  Quiberon  Proving  Ground 
to  a very  considerable  extent.  They  find  that  it  gives 
an  accuracy  which  is  very  nearly,  if  not  quite,  equal  to 
that  of  the  Boulenge.  At  other  French  proving  grounds, 
however,  it  is  considered  to  be  quite  inaccurate. 

The  principal  of  the  Joly  chronograph  has  been 
described  by  a number  of  American  officers;  also  some  of 
the  French  pamphlets  describing  its  method  of  use  have 
been  translated  into  English.  The  most  distinctive 
feature  concerning  it  is  the  use  of  the  bore  wave  to  operate 

interrupters  which  record  the  passage  of  the  shell.  The 
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recording  instrument  is  a smoked  drum,  the  speed  of  which 
is  determined  by  the  trace  of  a tuning  fork.  The  greatest 
source  of  inaccuracy  in  the  instrument  is  probably  in  the 
locating  of  the  interrupters  at  the  same  distance  from 
the  line  of  fire  of  the  projectile.  M,  Joly  claims  that 
an  accuracy  of  one  part  in  300  can  be  obtained  by  the  in- 
strument . This  seems  justified  by  the  results  obtained  at 
Quiberon.  In  my  opinion  it  was  discarded  at  other  prov- 
ing grounds  without  being  given  a satisfactory  trial.  In 
general  it  is  not  convenient  for  proving  ground  work. 

(d)  Chronograph  for  High  Angle  Fire:  At  Bourges  and 

at  Quiberon  preparations  are  being  made  for  obtaining 
velocity  at  very  high  angle  fire.  At  Bourges  two  re- 
inforced concrete  towers  are  being  built  which  will  per- 
mit of  the  measurement  of  velocities  at  an  angle  of  eleva- 
tion of  30P  using  screens  and  a Bouleng£  chronograph. 

These  towers  appeared  to  me  to  be  about  50  meters  apart. 

To  obtain  the  higher  angles  of  fire  they  propose  placing 
Joly  interrupters  on  the  tops  of  these  towers  and  connect- 
ing them  directly  to  the  magnets  of  a Boulengd’  chronograph. 
It  will  be  neeessary  to  correct  the  results  for  the  fact 
that  the  two  interrupters  are  not  parallel  to  the  line  of 
fire  * 

At  Quiberon  reinforoed  concrete  towers  are  being 
constructed  by  which  velocity  measurements  can  be  made 
when  firing  at  an  elevation  of  15° . These  towers  are 
so  constructed  that  they  can  be  lowered  and  shipped  to 
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to  other  proving  grounds  when  necessary.  Each  tower  con- 
sists of  two  upright  standards  which  are  bolted  together 
near  the  top . The  lower  part  of  each  standard  ends  in  a 
hemispherical  ball  which  rests  in  the  hemispherical  cup  of 
a cement  pier.  There  is  a layer  of  sand  between  the  two 
cement  surfaces.  The  towers  are  about  50  meters  apart. 
They  are  placed  on  a low  hill,  the  gun  position  being  in 
the  valley. 

(e)  The  apparatus  Rouge  is  being  developed  at  the 
Bourges  proving  ground  for  the  purpose  of  getting  relative 
velocities  of  projectiles  from  trench  mortars.  They  did 
not  consider  that  it  would  be  of  any  use  at  all  where 
the  projectile  moves  with  high  velocity. 

This  apparatus  consists  of  a carefully  pivoted  mirror 
so  arranged  that  on  the  breaking  of  an  electric  circuit  it 
is  given  a definite  angular  velocity.  A wire  is  stretched 
across  the  path  of  the  projectile  which  serves  to  break 
the  electric  circuit  and  start  the  mirror  of  the  Rouge  ap- 
paratus in  motion.  The  apparatus  is  placed  in  such  a 
position  that  when  the  mirror  is  in  motion  the  image  of  the 
shell  in  the  mirror  can  be  seen  in  a small  telescope  whose 
a*ia  is  perpendicular  to  the  axis  of  the  mirror.  If  the 
mirror  has  the  proper  angular  velocity  the  image  of  the 
shell  in  the  mirror  will  remain  stationary  and  this  can 
be  readily  observed  through  the  telescope.  If  the  mirror 
is  moving  slightly  too  fast  or  too  slow,  the  image  will 
move  slowly  across  the  field  of  view  of  the  telescope. 
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In  use , the  speed  of  rotation  of  the  mirror  is  adjusted 
until,  with  the  expected  velocity  of  the  projectile,  the 
image  remains  stationary.  To  determine  an  unknown  velocity 
one  merely  observes  the  rate  at  which  the  projectile  ap- 
pears to  move  across  the  field  of  the  telescope  and  the 
direction  in  which  it  moves.  From  these  observations,  the 
speed  of  the  projectile  is  determined. 

This  instrument  does  not  give  accurate  results  and 
probably  its  only  field  of  usefulness  is  measuring  the 
initial  velocity  of  projectiles  from  trench  mortars. 

(f)  Cotton* s Method  of  Measuring  Velocity  of  Projectiles: 
Professor  Cotton  of  the  Ecole  Normale  Superieure  is  develop- 
ing an  instrument  for  measuring  the  velocity  of  projectiles. 
It  will  permit  the  reading  of  the  velocity  on  an  instrument 
in  the  same  way  that  the  voltage  of  a circuit  is  read  on  a 
voltmeter.  I did  not  learn  the  relationship  between  Pro- 
fessor Cotton  and  the  French  army  and  navy. 

The  apparatus  consists  of  two  interrupters  similar 
in  principle  but  very  different  in  design  from  those  used 
by  Joly  in  his  chronograph.  These  interrupters  are  placed 
in  the  two  arms  of  a balanced  Wheatstone  bridge  which  uses 
a fluxmeter  as  an  indicating  instrument.  The  fluxmeter, 
which  has  a scale  similar  to  a voltmeter,  is  set  at  zero 
before  the  gun  is  fired;  the  pointer  of  the  fluxmeter  moves 
only  when  the  shell  is  between  the  two  interrupters.  As 
soon  as  the  shell  has  passed  the  second  interrupter,  the 
needle  of  the  fluxmeter  becomes  stationary.  If  the  scale 
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is  properly  graduated,  the  velocity  is  read  directly  from 
the  instrument  in  the  same  manner  as  the  voltage  from  a 
voltmeter . 

One  advantage  of  this  instrument  is  that  the  interrup- 
ters may  be  placed  comparatively  close  together . Professor 
Cotton  estimates  that  a distance  of  ten  meters  between  the 
interrupters  is  ample.  The  following  description  was  pre- 
pared soon  after  my  visit  to  Professor  Cotton1 s laboratory: 

There  are  two  "rupteurs"  placed  about  10  m.  apart  which 
are  in  the  two  arms  of  a Wheatstone  bridge.  (A  diagram  show- 
ing the  method  of  connection  is  given  in  Fig.  1,  page  10)  . 
They  are  placed  near  and  both  at  the  same  distance  from  the 
path  of  the  projectile.  The  bow  wave  of  the  projectile 
breaks  the  circuit  at  each  of  the  rupteurs.  A current  flows 
through  the  fluxmeter  only  when  one  is  broken  and  the  other 

still  closed.  The  deflection  of  the  fluxmeter  is  proportion- 

* 

al  to  the  quantity  of  electricity  which  flows  through  it. 
Hence,  if  the  current  which  flows  when  one  rupteur  is  broken 
is  known,  the  time  can  be  computed  from  the  deflection  of  the 
fluxmeter  and  its  known  constant.  In  fact,  if  the  current  is 
kept  constant,  the  fluxmeter  can  be  graduated  to  read  direct- 
ly in  time,  or  if  the  rupteurs  are  always  placed  the  same 
distance  apafct,  the  fluxmeter  scale  can  be  graduated  to  read 
the  velocity  of  the  shell  directly. 

For  a fluxmeter  Professor  Cotton  uses  a Grassot  pivoted 
instrument.  It  has  no  tendency  to  drift  in  any  position. 

It  does  not  need  to  be  accurately  leveled.  Professor  Cotton 
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thinks  that  the  instrument  is  entirely  satisfactory. 

He  has  constructed  a special  type  of  rupteur.  (A 
diagram  of  this  is  given  in  Fig.  2,  page  10).  An  iron 
and  a silver  wire  are  welded  into  the  form  of  a cross. 

The  silver  wire  serves  to  support  the  iron  wire.  The 
position  of  the  iron  wire  can  be  adjusted  by  turning  the 
Tortion  head  to  which  one  end  of  the  silver  wire  is  at- 
tached. This  is  adjusted  till  the  platinum  tip  of  the 
% 

iron  wire  is  about  1 mm.  from  a gold  plate  on  the  diaphragm. 
When  the  short-circuiting  key  is  closed,  the  bridge  current 
flows  through  the  magnet,  which  then  attracts  the  iron  wire, 
thus  closing  the  contact  on  the  diaphragm.  When  the  key  is 
opened,  the  current  flows  through  the  contact  and  the  circuit 
remains  closed.  If  now  an  intense  sound  wave  strikes  the 
diaphragm,  the  contact  is  broken  and  remains  broken  since 
the  electromagnet  no  longer  attracts  the  iron  wire.  Evident- 
ly there  is  a proper  relationship  between  the  periods  of 
diaphragm  and  of  the  iron  wire  system,  but  I did  not  under- 
stand that  Professon  Cotton  has  as  yet  attempted  to  deter- 
mine this  relationship. 

This  complete  set-up  is  shown  in  Fig.  3,  page  11..  It 
requires  three  wires  to  each  of  the  rupteurs.  Both  of  the 
rupteur s are  reset  by  the  closing  of  a single  contact  key. 

As  the  direction  of  deflection  of  the  fluxmeter  is  always 
the  same,  the  zero  of  the  instrument  may  be  placed  at  one 
side  so  that  the  full  90°  of  deflection  may  be  used. 
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Professor  Cotton  also  employs  a magnifying  glass  for  read- 
ing tenths  of  divisions. 

(g)  Velocity  by  Inductance  Methods:  In  England  a con- 

siderable amount  of  work  has  been  done  on  the  measurement 
of  the  velocity  by  shooting  through  magnetized  coils  of 
wire  and  obtaining  a record  of  the  time  of  passage  by  means 
of  the  current  induced  in  the  coil  of  wire.  This  method  was 
largely  developed  under  the  direction  of  Mr . F.  E.  Smith  of 
the  National  Physical  Laboratory,  Investigations  are  now 
being  carried  on  at  Shoeburyness  proving  ground  under  the 
supervision  of  Colonel  Paul. 

For  magnetizing  the  projectile,  a coil  of  wire  carry- 
ing a heavy  current  is  wound  around  the  muzzle  of  the  gun. 
The  direction  of  this  current  must  be  such  that  the  magnetic 
field  produced  by  it  is  in  the  general  direction  of  the 
magnetic  field  of  the  earth.  However,  as  the  shell  tends 

to  lose  its  magnetism,  additional  coils  carrying  a current 

« 

are  placed  near  the  coils  which  record  the  passage  of  the 
shell.  The  coils  which  record  the  passage  of  the  shell  are 
placed  some  distance  in  front  of  the  gun,  the  first  one  be- 
ing at  a distance  of  approximately  100  ft.  and  the  second 
150  feet,  etc.  It  is  expected  to  use  as  many  as  20  coils 
at  distances  of  about  50  feet  from  each  other.  These  coils 
are  all  connected  in  series  and  are  connected  to  the  center 
string  of  a string  galvanometer  which  is  arranged  to  photo- 
graph the  movements  of  three  strings. 

As  the  projectile  passes  through  a coil,  it  induces  a 

a y 
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current  in  the  coil,  first  in  one  direction,  then  in  the 
other,  giving  a characteristic  record  on  the  film.  The 
record  from  each  of  the  coils  is  identical.  To  determine 
the  velocity  of  the  projectile,  it  is  only  necessary  to 
measure  on  the  film  the  time  from  any  definite  point  on 
one  record  to  the  same  point  on  another  record  and  to  know 
the  distance  between  the  two  coils  which  produced  these 
records. 

To  measure  the  time  interval  on  a film,  a 500  cycle 
alternating  current  is  sent  through  the  two  outside 
strings  connected  in  series.  The  500  cycle  current  is 
obtained  from  a tuning  fork  which  is  driven  by  means  of 
a vacuum  tube  of  the  audion  type.  By  projecting  the 
record  on  a ruled  screen  and  varying  the  magnification 
until  the  ten  vibrations  of  the  fork  correspond  with 
ten  rulings  on  the  screen,  it  is  possible  to  obtain  the 
time  of  the  passage  of  the  shell  within  .00005  second, 
always,  however,  on  the  assumption  that  the  magnetic  con- 
ditions do  not  vary  from  screen  to  screen. 

This  method  is  being  developed  with  the  idea  that 

it  will  be  possible  to  measure  the  velocity  with  suffi- 

4*  „ 

ci ent  accuracy  to  obtain  a good  value  of  the  resistance 
of  the  air.  Development  work  is  continuing.  Liueh  re- 
mains to  be  done  before  the  method  can  be  considered  as 
having  definitely  proved  its  worth. 

(h ) Retardation  of  a Projectile  by  Armor.  Plate: 

The  French  navy  is  preparing  to  measure  the  negative 
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acceleration  of  a projectile  when  it  pierces  an  armor 
plate.  No  definite  method  has  been  decided  upon. 

At  Shoeburyness,  Colonel  Paul  states  that  he  has 
measured  the  velocity  of  a projectile  before  and  after  it 
passed  through  a plate  of  armor . I did  not  learn  the  re- 
sults obtained. 

(i ) General  Conclusions: 

1.  There  is  need  for  an  instrument  which  can  be  used 
in  the  field  and  which  will  give  an  accuracy  of  at  least  1$ . 
In  my  opinion,  the  Joly  chronograph,  which  was  designed  for 
this  work,  is  not  as  suitable  as  the  method  which  is  being 
developed  by  Professor  Cotton.  Development  work  along  the 
line  of  Professor  Cotton1 s method  seems  to  be  highly  de- 
sirable . 

4 

2.  The  Boulenge  chronograph  is  the  most  satisfactory 
chronograph  whioh  is  at  present  in  use  in  Europe  for  the 
ordinary  routine  tests  of  a proving  ground.  While  expen- 
sive and  difficult  to  install,  it  gives  a fair  degree  of 
accuracy  and  is  in  general  dependable. 

3.  The  Aberdeen  chronograph  is  not  knomat  any  of 
the  proving  grounds  of  Europe. 

4.  There  is  need  of  apparatus  for  measuring  the 
velocity  at  high  angle  fire.  At  Bourges  and  Quiberon  they 
are  building  very  tall  towers  for  this  purpose.  Also  the 
apparatus  Rouge  is  being  developed  for  this  kind  of  work 
but  it  is  only  applicable  to  low  velocity  projectiles. 

5.  In  England  they  feel  the  need  of  measuring  veloci- 
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ty  of  projectiles  on  shipboard.  They  have  tried  two 
methods  both  of  which  are  unsatisfactory. 

6.  There  is  a great  variety  of  opinion  as  to  the  ac- 
curacy of  different  methods.  There  is  very  little  useful 
data  which  shows  their  comparative  accuracy.  It  would  be 
highly  desirable  to  have  some  experiments  made  whereby  the 
acouracy  of  the  different  methods  can  be  definitely  tested. 

2.  MEASUREMENT  OF  THE  PRESSURE  IN  A CANNON 

The  two  laboratories  which  are  particularly  interested 
in  the  measurement  of  pressure  in  a cannon  are  the  Laboratoire 
de  la  Commission  de  Poudre  at  Versailles  and  the  Laboratory 
of  Internal  Ballistics  at  Woolwich  Arsenal.  At  other  prov- 
ing grounds  measurement  of  pressure  is  very  largely  confined 
to  the  use  of  the  crusher  gage . 

At  both  of  the  above  laboratories,  the  time-pressure 
curve  is  generally  measured  in  a bomb  though  both  have 
developed  gages  for  measuring  it  in  a cannon.  At  Gavre 
some  measurements  have  been  made  of  time-pressure  curves 
but  these  are  not  featured  as  a part  of  their  experimental 
work. 

(a)  Recording  Pressure  Gage:  At  Versailles  they  use  a 

recording  crusher  gage  for  measuring  the  development  of 
pressure  in  a bomb.  The  record  is  produced  on  a smoked 
drum.  It  gives  a very  characteristic  record,  which  in  their 
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opinion  gives  considerable  information  concerning  the 
quality  of  powders  which  are  being  tested.  They  also 
have  a crusher  gage  suitable  for  putting  in  a cannon  in 
which  a small  vibrating  reed  records  the  rate  at  which 
the  copper  is  crushed.  From  this  a curve  of  the  develop- 
ment of  pressure  in  the  cannon  can  be  plotted.  However, 
this  records  the  pressure  only  until  it  has  reached  its 
maximum  and  gives  such  a small  record  that  accurate  re- 
suit 8 are  impossible.  Similar  instruments  have  been 
reached  at  Woolwich,  and  one  has  been  obtained  for  use  by 
the  Bureau  of  Standards. 

(b)  Reoording  Spring  Gage:  Instruments  have  been  con- 

structed both  in  England  and  in  France  which  record  the 
pressure  in  the  gun  by  means  of  the  compression  of  the 
spring.  The  time  intervals  are  recorded  by  means  of  a 
vibrating  reed  placed  inside  the  instrument.  The  record 
obtained  is  very  small  and  is  very  difficult  to  interpret. 
They  are  not  considered  satisfactory  instruments. 

(o)  Bomb  Experiments  at  Woolwich:  At  Woolwich  the 

section  on  internal  ballistics  is  taking  up  actively  the 
study  of  pressure  in  bombs.  When  apparatus  along  this 
line  is  properly  developed,  it  is  proposed  to  extend  it  to 
measure  the  pressure  in  guns,  but  it  is  realized  that  this 
is  a research  which  will  require  several  years. 

At  present  in  the  study  of  pressures  in  the  bomb,  four 
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methods  of  measuring  the  pressure  are  being  used: 

1.  The  compression  of  a copper  disc:  The  compression 

of  this  disc  operates  a mirror  so  that  the  rate  of  com- 
pression is  registered  on  a photographic  film. 

2.  Compression  of  lead  disc:  This  works  in  the  same 

manner  as  the  copper  disc  and  is  photographed  on  the  same 
film . 

3.  Compression  of  a spring:  The  compression  of  a 

spring  operates  a mirror  which  again  registers  on  the  same 
photographic  film  as  the  others.  This  spring  is  a solid 
piece  of  steel  so  that  the  compression  is  small  and  the 
period  very  high.  With  such  a spring,  it  is  unnecessary 
to  use  a damped  system. 

4.  The  maximum  pressure  is  measured  by  the  raising  of 
a weight . 

(d)  The  Piezo-Electric  Method  of  Measuring  Pressure: 

In  England  a method  for  measuring  pressure  by  the 
use  of  the  piezo-electric  phenomenon  has  been  developed 
under  the  direction  of  Sir  J.  J.  Thompson.  The  method 
was  carefully  outlined  in  an  address  given  by  Sir  Thompson 
before  the  Royal  Institution.  An  abstract  of  this  address 
was  published  in  Engineering  for  April  25,  1919. 

When  a force  is  applied  to  the  proper  axis  of  certain 
crystals,  such  as  quartz,  tourmaline,  and  a few  others,  a 
positive  electric  charge  is  developed  on  certain  parts  of 
the  surface  of  the  crystal  and  a negative  charge  on  the 
other  parts.  If  metallic  plates  are  placed  on  those  par£s 
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of  the  surface  of  the  crystal  Where  the  charges  are 
developed,  they  may  be  used  to  actuate  an  eleotrometer 
or  other  instrument  suitable  for  registering  eleotro- 
static  charges. 

In  Professor  Thompson^  instrument,  the  plates  of 
the  crystal  are  connected  to  the  two  plates  of  a Braun 
tube.  This  gives  a deflection  of  the  electronic  stream 
in  the  tube.  Hence,  the  recording  system  is  practically 
without  mass  so  that  it  records  with  great  exactness  the 
change  in  e.m.f . developed  by  the  crystal.  Up  to  the 
present  there  is  not  to  my  knowledge  any  data  to  show  how 
much  the  e.m.f.  of  the  crystal  lags  behind  the  applied 
pressure.  It  is  probably  very  small  but  may  have  to  be 
considered  if  the  method  is  used  for  high  explosives. 

This  method  has  been  applied  to  the  measurement  of 
pressure  in  water  caused  by  the  explosion  of  a mine. 

While  successful  for  this  purpose,  only  very  moderate  ac- 
curacy has  been  obtained.  At  Woolwich  they  expect  to  try 
the  method  in  a bomb,  but  realize  that  the  effect  of  temper 
ature  will  eomplicate  the  problem.  It  will  be  six  months 
or  a year  before  their  apparatus  is  ready. 

In  my  judgment,  the  usefulness  of  the  method  is  in 
the  measurement  of  the  rate  of  rise  of  pressure  produced 
by  high  explosives.  For  suoh  work,  I do  not  know  of  any 
other  method  that  is  applicable.  For  the  measurement  of 
pressure  developed  by  propellants  it  seems  to  me  that 
other  methods  are  more  suitable. 
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(e)  General  Conclusions:  There  are  no  satisfactory 

methods  of  measuring  the  time-pressure  curve  in  the  gun. 

Need  of  this  is  felt  in  all  ballistic  laboratories.  Active 
development  work  is  being  carried  on  at  Woolwich  Arsenal, 
and  it  is  highly  probable^  that  they  will  develop  a method 
in  the  course  of  the  next  few  years. 

3 . MEASUREMENT  OF  RECOIL 

The  Siebert  velooimeter  is  generally  used  for  making 
measurements  of  the  recoil  of  guns.  This,  however,  is  not 
considered  very  satisfactory  and  in  none  of  the  laboratories 
did  I find  that  they  were  making  regular  measurements  of  re- 
coil. Also,  very  little  work  has  been  done  to  show  the 
amount  of  recoil  at  the  time  of  the  ejection  of  the  shell. 

At  Woolwich  Arsenal  the  question  of  the  recoil  of 
guns  was  being  actively  studied.  They  have  been  taking 
moving  pictures  of  the  gun  at  the  time  of  firing  for  the 
purpose  of  determining  the  rate  of  recoil.  A scale  is 
painted  on  the  side  of  the  gun  and  some  reference  mark  is 
set  up  just  in  front  of  this  scale.  Moving  pictures  at  the 
rate  of  300  per  second  are  taken  at  tne  time  of  the  firing 
of  the  gun.  For  determining  the  time  at  which  each  picture 
is  taken,  there  is  placed  in  the  field  of  the  camera  a dial 
graduated  into  100  parts  in  front  of  which  rotates  a hand 
which  makes  a complete  revolution  every  one-tenth  second. 
Each  photograph  shows  the  amount  of  recoil  and  the  time  at 
which  the  picture  was  taken.  It  also  shows  the  amount  of 
recoil  at  the  time  of  ejection  of  the  shell,  provided,  of 
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course,  that  the  exposure  happens  to  be  made  at  the  instant 
that  the  shell  leaves  the  muzzle.  This  furnished  a very 
satisfactory  method  of  studying  recoil  as  a whole  but  it  is 
not  sufficiently  accurate  for  studying  that  portion  of  the 
recoil  which  takes  place  before  the  ejection  of  the  shell. 

They  were  very  much  interested  in  the  work  which  we 
have  done  on  recoil.  At  my  last  visit  they  stated  that 
they  were  contemplating  the  construction  of  an  instrument 
along  the  lines  which  we  have  used. 

I did  not  at  any  place  see  in  operation  the  method 
used  in  Italy  and  described  by  Major  Veblen.  This  is  also 
a photographic  method  but  is  different  from  the  methods 
used  at  Woolwich. 

In  France  they  have  done  some  theoretical  work  in  an 
attempt  to  determine  the  velocity  of  the  projectile  by  the 
velocity  of  recoil,  and  also  to  determine  the  pressure  in 
the  gun  from  the  acceleration  of  the  recoil.  However, 
they  could  only  make  theory  agree  with  measurement  by  in- 
troducing an  arbitrary  constant  in  their  equation.  This 
of  course  simply  means  that  the  theory  has  not  been  developed 
to  a sufficiently  high  dgree  so  that  it  can  be  used  to  explain 
facts . 

4.  PHOTOGRAPHY  OF  SHELLS  IN  FLIGHT 

—————— 

At  the  Gavre  proving  ground  they  have  done  considerable 
work  on  the  photography  of  shells  in  flight.  There  have 
been  two  distinct  purposes  in  this  work:  First,  to  obtain 
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an  actual  picture  of  the  shell  in  flight,  and,  second,  to 
get  the  velocity  of  a shell  by  photographic  methods. 

To  obtain  a picture  of  a shell,  the  plate  or  film  is 
caused  to  move  with  such  a velocity  that  the  image  of  the 
shell  remains  stationary.  Very  clear  photographs  of  shells 
as  much  as  155  mm.  in  diameter  have  thus  been  obtained. 

Some  of  these  pictures  were  secured,  as  well  as  a complete 
report  of  the  method. 

To  get  the  velocity  of  a shell,  a plate  or  film  is 
made  to  move  at  a known  velocity  at  right  angles  to  the  motion 
of  the  shell.  This  gives  a diagonal  trace  on  the  plate.  From 
the  known  speed  of  the  plate  and  the  angle  which  the  trace 
makes  with  the  direction  of  motion  of  the  plate,  the  velocity 
of  the  shell  can  be  determined.  This  is  not  an  exceedingly 
accurate  method,  but  it  does  give  some  information  which  can 
not  readily  be  obtained  by  other  methods.  For  instance, 
it  is  possible  to  obtain  the  velocity  of  the  gases  which 
are  ejected  ahead  of  the  shell,  and  also  to  determine  by 
what  interval  of  time  they  precede  the  shell.  They  also  ob- 
tain the  velocity  of  the  gases  in  the  blast  and  can  determine 
the  position  of  the  shell  when  the  secondary  explosion  of 
the  powder  gas  occurs. 

The  methods  are  by  no  means  perfect.  They  are  con- 
tinuing work  actively  under  the  direction  of  Mr.  Feriet, 
who  was  formerly  a professor  of  physios  in  one  of  the  French 
Universities . 

Another  most  interesting  method  of  photographing  shells 
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in  flight  has  been  developed  by  Mr . L.  Bull  at  the  Institute 
Marey,  Paris.  The  method  used  can  best  be  understood  by 
referring  to  the  blue  print  which  is  attached. 

At  the  focus  of  a parabolic  mirror  is  placed  a spark 
gap  using  zinc  electrodes.  Sparks  are  made  to  pass  at  regu- 
lar  intervals  in  the  following  manner:  A large  condenser 

having  a oapaoity  of  3/19  microfarad  is  charged  to  a poten- 
tial of  about  12,000  volts  by  means  of  an  induction  coil  and 
a kenetron . This  large  condenser  feeds  a small  condenser 
of  about  .002  microfarad  through  an  adjustable  high  resistance 
water  rheostat.  The  electrodes  in  front  of  the  mirror  are 
connected  directly  to  the  small  condenser.  The  operation  is 
then  as  follows: 

After  the  large  condenser  has  been  charged,  the  induc- 
tance coil  is  cut  off.  The  small  condenser  is  thrown  into 
the  circuit  just  before  the  photograph  is  taken  . It  charges 
through  a high  resistance  until  the  potential  becoie  s suffi- 
cient to  make  a spark  between  the  zinc  eleotrodes.  This  dis- 
charges the  small  condenser  and  an  air  jet  prevents  any  possi- 
bility of  arcing.  The  small  condenser  then  charges  again 
through  the  high  resistance  and  again  a spark  takes  place. 

This  occurs  with  great  regularity  and  can  be  varied  at  will 
by  changing  the  value  of  the  high  resistance.  The  spark  is 
used  as  a source  of  light  for  taking  a shadow  picture  of 
the  projectile . 

The  parabolic  mirror  throws  a beam  of  parallel  light 
across  the  region  in  front  of  the  gun.  Through  this  light 
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the  bullet  must  pass.  A lens  of  the  same  diameter  as  the 
parabolic  mirror  (about  3 0 cm)  focuses  the  light  on  the  lens 
of  a camera.  In  this  camera  the  film  is  carried  on  a drum, 
which  is  rotated  at  a known  speed  by  means  of  a motor.  The 
speed  of  the  drum  is  regulated  so  that  successive  pictures 
do  not  overlap  with  a given  rate  of  production  of  the  spark. 
The  light  of  the  spark  is  so  instantaneous  that  no  blurring 
is  introduced  by  the  rotation  of  the  drum  or  the  movement 
of  the  projectile. 

By  this  method  a picture  of  the  projectile  is  taken 
every  time  that  a spark  is  produced.  Mr.  Bull  showed 
photographs  where  as  many  as  15,000  pictures  per  second 
have  been  tfcken.  He  believes  that  it  is  possible  to  take 
as  many  as  80,000  pictures  per  second.  It  would  seem  that 
this  method  may  be  used  to  advantage  for  the  investigation 
of  a considerable  number  of  problems. 

5.  ROTATION  OF  THE  SHELL 

At  several  of  the  proving  grounds  they  expressed  a 
keen  interest  in  the  measurement  of  the  rotation  of  the 
shell.  It  is  felt  that  frequently  the  rotating  band  may 
slip  on  the  shell  so  that  the  rate  of  rotation  is  consider- 
ably less  than  that  indicated.  At  Gavre  they  expect  to 
use  the  photographic  method  for  obtaining  the  rate  of  rota- 
tion of  the  shell.  A white  spot  is  painted  on  the  shell 
and  this  can  be  observed  in  the  photographs.  I did  not 


learn  the  details  of  the  method  which  they  propose  to  employ. 
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6.  VELOCITY  OF  SHELL  IN  THE  BORE  OF  THE  GUN 

Work  is  in  contemplation  at  Gavre  and  at  Shoeburyness 
for  determining  the  velocity  curve  of  the  shell  within  the 
gun.  At  Shoeburyness  some  experiments  have  been  made  on 
an  attempt  to  use  coils  around  the  gun.  When  the  shell 
passes  through  this  coil,  it  induces  a current  in  the  coil 
which  can  be  measured  by  a sufficiently  sensitive  string 
galvanometer.  However , the  recoil  of  the  gun  also  changes 
the  magnetic  field  through  the  coil  and  these  changes  may 
be  far  in  excess  of  those  produced  by  the  discharge  of  the 
shell  through  the  coil.  The  method,  therefore,  does  not 
appear  to  be  a very  satisfactory  one  and  while  it  has  not 
been  entirely  discarded  it  is  being  held  in  abeyance. 

At  Gavre  proving  ground.  General  Bourgoin  has  designed 
a very  elaborate  apparatus  for  determining  the  acceleration 
of  a shell  in  a gun.  Reduced  to  its  simplest  elements, 
this  may  be  described  as  follows:  Inside  the  shell  there 

is  placed  a heavy  mass  held  in  position  by  a calibrated 
spring,  and  so  pivoted  that  it  does  not  turn  with  the  shell. 
When  the  gun  is  fired,  the  acceleration  of  the  shell  com- 
presses the  spring  and  the  turning  of  the  shell  can  be  used 
to  determine  the  position  of  the  shell  in  the  gun.  Hence, 
a stylus  attached  to  the  mass  will  describe  on  the  interior 
of  the  shell  a curve  from  which  the  time  acceleration  curve 
can  be  determined.  From  this  the  velocity  of  the  shell  can 
be  obtained  by  integration  and  from  this  the  pressure  in- 
side the  chamber  of  the  gun.  This  apparatus  has  not  yet 
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been  constructed.  The  shell,  of  course,  will  have  to  be 
fired  where  it  can  be  recowered. 

7.  VELOCITY  OF  A PROJECTILE  OBTAINED  ON  SHIPBOARD 

In  England  an  attempt  was  being  made  to  determine 
the  velocity  of  projectiles  when  fired  from  a ship  at  sea. 
The  method  which  they  were  trying  to  use  was  to  get  the 
time  from  the  beginning  of  recoil  until  the  ejection  of  the 
shell.  They  expected  that  it  would  be  necessary  to  make 
experiments  on  every  type  of  gun  which  they  wished  to  use 
at  the  proving  ground.  It  was  pointed  out  that  our  work 
indicated  that  this  method  will  not  be  satisfactory. 

8 . TIME  OF  EJECTION  OF  A SHELL 

Three  methods  of  measuring  the  time  of  ejection  of  the 
shell  are  in  use: 

1.  In  some  places  they  are  using  the  wire  across  the 
muzzle  and  recording  on  some  type  of  chronograph.  It  is 
quite  generally  appreciated,  however,  that  this  is  not  a 
satisfactory  method, 

2.  The  shell  is  photographed  at  the  time  of  its  ejec- 
tion. This  photograph,  if  properly  timed,  will  give  a 

very  satisfactory  record  of  the  ejection  of  the  shell.  How- 
ever, it  is  very  difficult  to  get  a photograph  at  the  proper 
instant . 

3.  An  inductance  method  is  in  use  at  Shoeburyness . If 
the  shell  is  magnetized,  then  when  it  leaves  the  gun  it 
produces  a change  in  the  magnetic  flux  in  the  gun  itself. 
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Hence,  if  a coil  of  wire  is  wound  around  the  gun,  there  will 
be  a considerable  induced  e.m.f.  in  the  coil  at  the  time  of 
the  ejection  of  the  shell,  caused  by  this  change  of  flux. 
However,  it  is  not  known  at  just  what  position  of  the  shell 
this  change  of  flux  is  at  & maximum.  It  is  probably  about 
the  time  that  the  base  of  the  shell  leaves  the  gun,  but  as 
yet  sufficient  experimental  work  has  not  been  done  to  de- 
termine this  accurately. 

9 • MEASUREMENT  OF  AIR  RESISTANCE 

The  measurement  of  air  resistance  is  fundamental  for 
ballistic  computations  and  the  need  for  better  values  is 
quite  generally  felt.  This  is  especially  true  in  England 
where  two  different  kinds  of  apparatus  are  being  devised 
for  making  these  measurements. 

1.  The  method  of  measuring  velocity  by  shooting  through 
a number  of  coils  in  series,  as  already  described,  was  de- 
vised primarily  for  the  purpose  of  determining  the  resistance 
of  the  air  to  the  passage  of  the  shell.  As  soon  as  the 
method  is  perfected,  it  is  proposed  to  use  it  for  this  pur- 
pose to  a considerable  extent. 

2.  Another  method  of  studying  air  resistance  is  the  use 
of  high  velocity  wind  tunnels  or  air  jets.  In  England  no 
work  has  been  done  at  present  but  a committee  of  the  army 

I r..v  f 

and  navy  is  seriously  considering  the  question.  It  is  pro- 
posed to  install  suitable  apparatus  at  the  University  of 
Cambridge,  placing  it  in  charge  of  Mr.  R.  H.  Fowler,  la 
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Fellow  of  Trinity  College,  and  formerly  captain  in  the  army. 

In  France,  it  is  proposed  to  continue  the  work  on  ob- 
taining the  pressure  on  a model  of  a shell  in  an  air  jet, 
which  was  begun  by  Mr.  Langevin  and  Mr.  Saphores.  Both  of 
these  gentlemen  have  been  demobilized  and  the  apparatus  on 

which  they  worked  during  the  war  has  been  taken  over  by  the 

•» 

✓ 

army.  It  is  proposed  to  continue  this  when  a suitable 
personnel  can  be  obtained.  An  air  velocity  of  1000  ft. 
per  second  has  been  obtained. 

Mr.  Saphores  showed  me  the  operation  of  the  apparatus 
in  some  detail.  A description  of  my  observations  are 
available  to  any  one  who  are  interested. 

10,  TIME  OF  FLIGHT  OF  PROJECTILES 

Special  instruments  for  measuring  the  t&me  of  flight 
of  projectiles  have  been  devised  both  at  Quiberon  and 
Bourges.  The  instrument  used  at  Quiberon  requires  two  ob- 
servers. The  first  observer  looks  into  a pair  of  ordinary  bi 
nooulars.  However,  he  sees  a different  object  with  each  eye, 
each  of  these  being  placed  close  to  the  object  glass  of  the 
binoculars.  With  the  right  eye  he  sees  a clock  having  only 
one  hand.  The  dial  of  the  clock  has  100  divisions.  The 
hand  of  this  clock  makes  a complete  revolution  in  a second 
so  that  one  one-hundredth  of  a second  can  be  read  on  the 
clock.  With  the  left  eye  the  observer  looks  into  a space 
which  is  dark  except  when  illuminated  by  an  electric  spark. 
When  the  ehell  leaves  the  gun,  it  breaks  the  oircuit  which 
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produces  a spark  in  the  dark  space  before  the  left  eye  of 
the  observer . The  observer  notices  the  position  of  the 
hand  of  the  clock  when  he  sees  the  spark  and  at  the  same 
time  starts  a stop-watch.  The  second  observer  watches 
through  a telescope  for  the  burst  of  the  shell  or  ob- 
serves when  it  strikes  the  water  . On  seeing  this  he 
presses  a key  which  again  makes  a spark  in  the  binocular 
of  the  first  observer.  This  observer  again  notes  the 
position  of  the  hands  of  the  clock  and  stops  the  stop- 
watch. The  full  seconds  are  given  by  the  stop-watch  and 
the  fractional  parts  of  the  second  are  determined  by  the 
readings  of  the  clock.  With  carefully  trained  observers, 
it  is  claimed  that  exceptionally  good  results  are  obtained 
in  this  way.  However,  considerable  training  is  required. 

At  Bourges  they  use  an  acoustical  method  for  obtain- 
ing the  time  of  flight  when  using  fused  projectiles.  The 
projectile  is  fired  so  that  it  will  burst  a short  distance 
above  the  ground.  An  interrupter  is  placed  at  a known  dis- 
tance from  the  point  of  burst.  A second  interrupter  is 
placed  at  the  same  distance  from  the  muzzle  of  the  gun. 

Each  of  these  interrupters  is  connected  to  recorders  which 
record  on  a smoked  tape . On  the  same  tape  a clock  such 
as  used  in  the  French  sofind  ranging  apparatus  gives  the 

. • ti,  - 

time  record.  The  recording  styluses  are  placed  at  such 

•"  • * • ••  * b • 

distances  apart  that  if  the  paper  bs  running  at  norma!! 
speed  and  the  burst  occurs  at  the  expected  position,  the 
two  records  will  be  side  by  side. 
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11.  INITIAL  STABILITY  OF  PROJECTILES 

Mr.  R.  H.  Fowler  of  Trinity  College,  Cambridge  Uni- 
versity, has  dond  considerable  mathematical  work  in  the 
study  of  the  initial  stability  of  projectiles.  He  ex- 
pects to  prepare  a paper  on  the  subject  which  is  to  be 
published  within  a short  time  in  some  of  the  scientific 
publications  of  England.  Mr.  Fowler  thinks  that  the 
initial  yaw  of  the  shell  may  be  produced  either  before 
or  after  the  rifling  band  leaves  the  muzzle.  In  the  first 
case, due  to  the  reaction  of  the  gun,  the  center  of  gravity 
of  the  projeotile  will  be  given  a velocity  perpendicular  to 
the  line  of  flight.  However,  if  the  yaw  is  produced  by 
the  blast  after  the  projeotile  leaves  the  muzzle,  it  will 
merely  rotate  the  shell  around  the  center  of  gravity. 

These  two  oases  will  require  separate  mathematical  treat- 
ment . 

12.  JUMP  AND  WHIP  OF  GUNS 

The  only  method  for  measuring  jump  and  whip  which 
is  used  in  France  or  in  England  is  by  the  use  of  so-called 
jump  cards . A card  is  placed  so  that  its  center  is  di- 
rectly in  line  with  the  axis  of  the  gun.  When  the  gun 
is  fired,  the  shell  may  or  may  not  pass  through  the  center 
of  the  card.  If  it  passes  above  the  center  of  the  card, 
the  gun  is  said  to  have  jumped.  From  the  amount  of  jump 

and  the  distance  of  the  card  from  the  gun,  the  angle  of 
jump  is  determined.  Reports  on  the  result  of  this  work 
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in  England  have  been  received. 

13.  GENERAL  OBSERVATIONS  OF  BALLISTIC  INSTRUMENTS 

The  behavior  of  primers  has  been  studied  at  Green- 
wich observatory,  but  I did  not  see  any  of  their  results. 

I did  not  find  any  place  where  they  are  studying  the  time 
of  ignition  of  the  powder.  In  England  they  assume  that  the 
initial  recoil  coincides  with  the  initial  movement  of  the 
shell.  However,  they  have  not  done  any  experimental  work 
to  show  this  is  the  oase . 

General  Bourgoin,  Chef  de  la  Commission  de  Gavre,  be- 
lieves that  the  two  important  improvements  which  are  about 
to  take  place  along  the  line  of  ballistics  is  the  use  of 
envelope  powder  and  the  development  of  a shell  which  will 
use  the  Chilowsky  process.  He  has  in  mind  a powder  rti  ich 
consists  of  three  distinct  materials  arranged  so  that  a 
very  rapid  burning  powder,  carrying  a very  large  amount  of 
energy  (a  powder  burning  more  slowly  and  the  whole  surrounded 
by  & coating  of  ni tro-cellulose  powder.  The  object  of  envelope 
powder  is  to  obtain  more  energy  in  the  same  mass  and  to  pro- 
duce a powder  in  which  the  pressure  throughout  the  movement 
of  the  projectile  in  the  barrel  of  the  cannon  will  be  ap- 
proximately constant.  He  believes  that  this  powder  rep- 

- r\ 

resents  as  great  an  advance  over  the  smokeless  powder  as 
smokeless  powder  was  over  black  powder  . 

General  Bourgoin  believes  that  the  Chilowsky  process 
is  worthy  of  further  experimentation.  The  experiments 
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that  have  been  conducted  were  carried  on  with  an  idea  of 
obtaining  useful  results  quickly  and  did  not  attempt  to 
get  at  the  fundamental  principles  involved.  There  are  a 
considerable  number  of  variables  and  each  one  must  be  in- 
vestigated separately  before  the  process  can  be  perfected. 

14 . SCIENTIFIC  EQUIPMENT  AND  PERSONNEL  OF  PROVING  GROUNDS 

During  the  war,  the  scientists  of  France  were  drawn 
upon  to  supply  necessary  technical  information  to  the 
French  proving  grounds.  Most  of  these  men  have  been  de- 
mobilized but  Mr.  Feriet  is  still  retained  at  Gavre  to  com- 
plete work  on  the  photography  of  projectiles.  Comparative- 
ly little  scientific  work  is  in  progress  in  France  at  the 
present  time . 

In  England*  scientists  from  the  universities  very 

largely  entered  war  work,  and  were  assigned  to  problems 

for  which  they  were  suited.  A large  part  of  the  ballistic 

investigations  carried  on  by  the  army  and  navy  were  in 

* 

charge  of  these  men.  However,  the  National  Physical  Labora- 
tory was  frequently  consulted  by  the  army,  navy,  and  the  air 
ministry.  Now  thatpeace  has  been  declared,  it  has  been  found 
especially  advantageous  for  the  army  and  navy  to  have  con- 
nections with  the  government  institutions  of  fixed  polioy 
and  landing.  They  therefore  seem  to  be  depending  more  and 
more  on  the  National  Physical  Laboratory  for  scientific  ad- 
vice. However,  this  laboratory  is  only  half  the  size  of 
the  Bureau  of  Standards,  so  that  it  is  frequently  neoessary 
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for  the  army  or  navy  to  undertake  a large  part  of  the  work 
under  the  supervision  of  the  National  Physical  Laboratory. 

The  physical  equipment  of  the  French  proving  ground 
is  generally  well  adapted  for  the  purposes  to  which  it  is 
applied.  At  Gavre  where  it  is  proposed  to  do  long  range 
testing,  a complete  aeronautical  equipment  is  available 
with  airplanes  and  captive  balloons,  so  that  all  necessary 
ballistic  corrections  can  be  made.  There  is  a similar  com- 
plete equipment  at  Shoeburyness . Electric  power,  storage 
batteries,  chronometers  and  the  like  are  available  at  all 
plaoes.  In  general  it  would  seem  that  there  is  less  diff- 
culty  in  securing  satisfactory  equipment  than  in  securing 
the  personnel. 

15.  PRINCIPLES  USED  IN  THE  DESIGN  OF  SHELLS 

Comparatively  little  new  information  has  been  evolved 
concerning  the  principles  to  be  used  in  the  design  of  shells. 
The  French  are  using  a stream  line  base  for  their  shells, 
but  the  utility  of  this  is  doubted  by  the  English.  All  are 
agreed  that  there  is  not  sufficient  scientific  data  to  per- 
mit of  a rational  design  of  shells. 

16.  DECOPPERING  OF  GUN8 

I understand  that  the  original  work  on  the  use  of  a 

♦ 

lead  t&n  alloy  for  decoppering  guns  was  done  at  Camp  Mailly 
by  General  St,  Clair  de  Ville.  However,  I have  been  unable 
to  get  any  account  of  the  original  experiments.  At  present 
there  is  a great  difference  of  opinion  among  officers  as  to 
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the  value  of  the  method.  Some  say  that  if  continually 
used  it  will  injure  the  gun;  others  state  that  they  know 
it  will  produce  very  remarkable  results  on  a gun  which  has 
a bad  coating  of  copper.  There  seems  to  be  considerable 
need  for  further  experimental  work,  both  in  the  matter  of 
determining  the  best  material  to  use  and  in  determining  the 
frequency  and  method  of  using  it.  Those  who  are  interested 
in  this  subject  should  consult  the  report  by  Major  Anderson 
of  the  War  Department . 

17.  METEOROLOGY 

I did  not  attempt  to  make  any  extensive  study  of  the 
methods  used  to  obtain  meteorological  information.  How- 
ever, I did  have  some  consultations  with  Colonel  Blair,  who 
was  in  charge  of  the  meteorological  service  for  the  U.S. 
Army.  1 also  made  some  inquiries  at  proving  grounds  where 
meteorological  observations  were  taken. 

There  are  two  distinct  properties  of  the  air  that 
need  to  be  measured,  viz.,  density  and  velocity.  Correc- 
tions must  be  applied  for  both  of  these.  These  corrections 
may  amount  to  as  much  as  3$  or  4$  in  range,  and  as  large  as 
10  mils  in  deflection. 

To  determine  the  air  density,  it  is  necessary  to  know 
the  temperature,  pressure  and  humidity  (or  vapor  tension). 
If  these  can  be  determined  to  a reasonable  height,  then  the 
behavior  for  greater  heights  can  be  predicted.  To  obtain 
this  data  it  is  necessary  to  send  up  a balloon  or  airplane 
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to  make  the  necessary  observations*  especially  on  the  temper- 
ature and  humidity.  The  pressure  can  be  fairly  well  deter- 
mined from  measurements  at  the  surface  as  the  decrease  in 
pressure  with  height  follows  a known  law. 

The  wind  correction  is  the  important  correction.  Three 
methods  of  obtaining  this  are  employed:  (a)  by  a sounding 
balloon  with  theodolite;  (b)  by  sound  ranging  methods;,  (c) 
by  shell  burst. 

(a)  A rubber  balloon  is  filled  with  hydrogen  until  it  has 
a certain  lifting  power  (150  gm).  It  is  then  let  free  and 
observations  made  on  it  every  minute  by  a theodolite.  The 
rate  of  ascension  is  taken  to  be  uniform.  Hence  from  the 
angles , as  read  on  the  theodolite , and  the  height  at  the  time 
of  the  reading  of  the  angles,  the  position  of  the  balloon  at 
the  end  of  every  minute  can  be  determined.  From  these  posi- 
tions the  average  wind  in  the  region  through  which  the  balloon 
passes  from  minute  to  minute  can  be  determined. 

(b)  A balloon  is  sent  up  with  a bomb  which  has  a fuse 
timed  to  explode  at  a definite  height.  On  the  ground  are 
seven  stations  of  a sound  ranging  system.  They  range  on  the 
bomb,  hence  determining  its  location.  Then  another  balloon 
with  bomb  timed  to  explode  500  m higher  is  sent  up  and  its 
position  located.  The  drift,  and  hence  the  average  wind, 
in  that  layer  is  determined  from  these  measurements.  As 
the  sound  ranging  is  in  three  dimensions,  it  is  more  diffi- 
cult than  surface  sound  ranging,  but  the  theory  has  all 
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been  worked  out  by  the  French. 


This  method  is  more  expensive , more  dangerous,  and 
gives  less  satisfactory  results  than  the  sounding  balloon. 


but  it  is  the  only  one  that  can  be  used  in  cloudy  weather. 


Henoe  its  development  is  important,  especially  in  cloudy 


areas . 

. 

(c)  Observation  of  the  drift  of  the  smoke  from  anti- 


aircraft shells.  These  are  fired  to  explode  at  a known 
height  and  at  regular  intervals.  If  they  are  above  a cloud. 


an  airplane  flies  along  a short  distance  to  one  side  of  the 


row  of  smoke  puffs  and  observes  the  time  of  passing  each  of 

;he  s 


the  puffs.  From  the  speed  and  direction  of  the  airplane, 
the  velocity  of  the  wind  can  be  determined. 

The  results  of  both  wind  and  density  measurements 
must  be  integrated  over  the  path  of  the  projectile.  The 
air  is  divided  into  500  m layers  and  the  effect  on  the 
shell  in  each  of  these  layers  is  considered.  A method  of 
doing  this  rapidly  has  been  worked  out,  so  that  the  correc- 
tions  will  be  known  within  a minute  after  the  observations 
are  completed. 

For  high  angle  fire,  the  conditions  in  the  surface 
layer  are  relatively  unimportant.  The  shell  spends  the 
most  of  its  time  in  the  upper  layers.  Conditions  in  the 
upper  air  do  not  change  so  rapidly  as  in  the  lower  layer 
and  are  more  constant  over  fairly  large  areas.  Hence,  the 
observations  of  one  station  may  be  used  over  a large  area  and 
it  is  only  necessary  to  make  the  observations  every  two  or 
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three  hours. 

Instruments.  No  new  instruments  for  measuring 
temperature,  pressure,  or  humidity,  have  been  developed. 
There  is  need  of  improvements  in  these. 

Colonel  Blair  will  doubtless  make  a complete  re- 
port on  the  work  of  the  meteorological  section  of  the 
army  and  this  should  be  consulted  by  those  who  are  in- 
terested in  this  work. 

At  proving  grounds,  it  is  necessary  to  be  able  to 
correlate  work  from  day  to  day.  In  high  angle  fire, 
this  is  possible  only  if  complete  meteorological  data 
is  available. 

18.  .PUBLICATIONS  OF  BALLISTICS 

During  the  war  no  important  books  on  ballistics  ap- 
peared. Most  of  all  important  experimental  work  was 
written  up  in  the  form  of  confidential  documents.  Follow- 
ing the  war.  General  Sugot  prepared  a five  volume  work  on 

V • 

ballistics,  which  is  used  for  instruction  in  the  French 
schools.  This  work  was  published  as  a confidential  docu- 
ment and  can  only  be  obtained  through  the  military  author! 
ties  • 

General  Carbonnier  is  preparing  a new  edition  of  his 
book  on  ballistics  which  will  be  published  for  general  dis 
tribution.  The  manuscript  is  practically  completed  and 
should  be  published  within  a year . 

In  England  Greenhill  has  undertaken  the  translation 
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of  Crani'  Ballistics.  It  was  the  original  intention  of 
the  Admiralty  to  publish  this  as  a confidential  document 
but  at  my  suggestion  Commander  Gilbert  is  to  see  if  it  can- 
not be  published  for  general  use.  The  English  Admiralty 
has  published  a secret  document  known  as  "Manual  of  Gunnery" . 
Volume  2 contains  an  important  collection  of  recent  ballis- 
tic information. 

A number  of  English  scientists  are  preparing  articles 
on  special  problems  which  will  appear  in  the  near  future. 
These  will  be  published  in  the  Transactions  of  the  Royal 
Society,  the  Proceedings  of  the  Royal  Society,  or  in  other 
scientific  publications.  It  is  my  opinion  that  the  French 
will  be  somewhat  slower  than  the  English  about  publishing 
results  of  scientific  investigations  on  ballistics. 

19.  SOUND  RANGING 

Four  different  uses  for  locating  objects  by  means  of 
sound  waves  were  used  during  the  war.  Guns  were  very 
successfully  located  by  means  of  a muzzle  wave  which  is  set 
up  at  the  time  of  firing  the  gun.  Airplanes  were  located  by 
sound  ranging  methods,  and  sound  ranging  methods  were  used 
to  determine  the  velocity  of  the  wind  at  high  altitudes. 
Mining  operations  were  also  located  by  means  of  sound  waves 
through  the  earth.  While  these  methods  were  not  studied 
in  detail,  some  observations  were  made  on  each  of  these  sub- 
jects. 

(a)  Location  of  Guns  by  Sound  Ranging  Methods: 


The  English  used  entirely  the  Bull-Tucker  method  of 
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sound  ranging.  The  method  was  quite  well  standardized  and 
the  results  which  were  obtained  were  very  satisfactory. 

The  French  used  a number  of  different  systems.  On 
only  one  of  these  did  I get  any  information.  The  Cotton- 
Weiss  method  of  sound  ranging  has  been  considerably  improved 
since  the  first  designs  were  brought  to  America  by  the  French 
Scientific  Commission  in  1917.  Professor  Cotton  showed  me 
the  latest  type  of  sound  ranging  instrument . The  recording 
device  is  the  same  as  he  has  always  used  but  the  instrument 
for  detecting  the  sound  wave  is  quite  different.  It  is  mere- 
ly a small  diaphragm  having  a contact  on  one  surface.  This 
contact  is  connected  through  a series  of  electromagnets  in 
such  a way  that  as  soon  as  the  circuit  is  opened  the  contact 
is  drawn  a considerable  distance  from  the  diaphragm.  When 
a sound  wave  strikes  the  diaphragm  it  causes  it  to  vibrate 
and  opens  the  circuit.  This  is  registered  by  means  of  a 


fluxmeter  in  the  same  way  as  the  original  instrument. 

(b)  Location  of  Airplanes  by  Sound; 

Professor  Perrin  devised  an  apparatus  for  the  location 
of  airplanes  by  sound.  The  sound  is  received  on  a set  of 

cells  and  conveyed  to  the  ear  of  the  observer  by  a tube. 

> 

There  are  four  of  these  sets  of  cells  arranged  in  the  corners 

^ ■ 

of  a square.  The  pair  at  the  ends  of  the  diagonal  are  con- 

Vv 

neoted  to  the  two  ears  of  an  observer  who  can  rotate  this 

•\ 

pair  about  an  axis  through  their  diagonal.  T#is  observer 
keeps  the  apparatus  rotated  so  that  the  sound  from  the  two 


-8£- 


1>hjb  LosiMjBJhnjBda  IXow  o3tup  aaw  tod  Jem  ed  T .gxiigiiAT  bauoa 
.X*o3oaTLat3aa  yiov  ©tow  Jbenioddo  ©tow  doidw  adXi/aoi  odd 
nC  . amodaya  dxxoToTTii)  To  Tocfrax/n  a Jboaxx  don©Tl  odT 
-noddoO  ©dT  . noidomToTfli  yno  d©s  I Mi)  ©eodd  To  ©no  yXxxo 
Mvoiqmi  yXdJBT©Manoo  noocf  ajed  gni§nj3T  i>nx/oa  To  bod3om  aataW 
donoT1*  odd"  yd  aotramk  od  ddgx/oTd  ©t©w  an§i8ai>  daxiT  odd  oonia 
oia  £©woda  noddoO  ToaeoToT*!  . VX8X  at  noiaeimaioO  oiTidxxoioS 
SniJbToooT  odT  . dnomx/Tdani  gxxignAT  i>nx/oa  To  ©qyd  daodAX  odd1 
dnoinx/Tdeni  odd-  dx/cT  baa  a ay^wlJB  e& d od  ao  oausa  odd-  ai  eoivoi) 
-otobi  a t 31  . dn©T©TTiJE>  adixjp  at  avaw  bauoa  odd  $nido©doi>  toT 

atdT  .eoalrua  ©no  no  doodnoo  a gnivAd  xogATdqAiJb  XX£aa  a yX 
at  adongAmoTdooX©  To  aeiT©a  a dgnoTdd  fcodoonnoo  ai  doAdnoo 
doAdnoo  odd*  Jbaxxeqo  ai  dix/DTio  odd'  a a nooa  a a 3 ad  3 yjsw  a dox/a 
nodW  . agATdqAil)  odd  moil  ©onAdaiJb  ©XdATdManoo  a nwoxb  ai 
©dATdiv  od  3t  aaauao  3t  mgATdqAiJb  odd’  aodiTde  ovjsw  bauoa  a 

t s ' • 

a To  anaam  yd  fcoTOdaigoT  ai  aidT  . dinoxto  a,  qo  baa 


To  3 ea  a no  i>©vi©o©T  ai  Jbnxxoa  odT  .bauoa  yd  aanaXqiia  To 


~noo  oxe  XjBxioaJBii)  odd-  To  aJbn©  odd-  3a  rtaq  odT  , otax^o  a To 


ow 3 odd’  moit  bauoa  a d3  3ad3  oa  JbodAdoT  ex/dATAqqa  odd’  aqooi 


. dnoflixxTdeni  XonigiTo  o d3  aa  yaw  amaa  ad3  ©mxx/XT 

:bnuoB  yd  aonaXgiiA  To  got 3 (d) 

noidAooX  odd*  not  a u3azaqqa  aa  Jboaivol)  xxiixo?  10a 


. ©dx/d  a yd  xevioado  o d3  To  xeo  odd  od  fcoyevnoo  &1xa  aXXoo 


V, 


-3  9- 


f • 

sets  of  cells  reach  him  in  the  same  phase  (sound  directly 
ahead).  The  other  observer  does  the  same,  so  that  a per- 
pendicular to  the  plane  of  the  cells  passes  through  the 
airplane.  The  apparatus  is  made  registering  so  that  the 
path. of  the  plane  can  be  determined. 

(c ) Determination  of  the  Velocity  of  Wind  at  High  Altitudes 

% 

This  method  has  been  briefly  described  under  meteorology. 
It  consists  in  locating  the  point  of  an  explosion  which  takes 
place  at  some  distance  above  the  ground.  The  French  use  ^ 
seven  stations  for  this  work.  I have  never  seen  the  theory 
but  understand  that  it  has  been  carefully  worked  out 

(d)  Subterranean  Sound  Detection. 

I visited  the  laboratory  of  Professor  Perrin  where  the 
original  investigation  on  geophones  was  carried  out.  They 
had  made  the  same  investigations  that  were  made  at  the  Bureau 
of  Standards  and  in  general  arrived  at  the  same  conclusions. 


XXJoaiXi)  bauoa)  sajariq  smsa  arid-  nX  raXri  do &&?  eXXeo  lo  e*aa 
-aaq  & t&clt  o a %amaa  aritf  aeoJb  levaaacfo  lariito  ariT  . (JbjBari-s 
ad*  rigxfoTrfd-  easasq  alleo  ©ri;t  lo  anaXq  odi  o3  xaXnoX&neq 
a di  &Bdt  oe  gnXietfaJtsai  a&sra  ax  an**iaqqa  ariT  . ansXq^Xa 

. fcenXfliiaJaJb  acf  njso  aosXq  erfj  lo  riJaq 
>X)n;fXfrXA  riaXH  fra  JbnXW  lo  yfrXooXeV  arifr  lo  noXfranXffliaJaQ  (o) 

t 

rsoXoioa^affl  zebnu  J&acfXioaaX)  na®cf  ajsri  toritfam  aXriT 

aaaljsX  rioXriw  noXeoXqxa  hjs  lo  JnXoq  adJ  gflXctflooX  at  sstaXaaoo  tfl 
f aaxr  rionail  ariT  . Xhu/ots  aritf  avod*  aonjsjfaXJb  aaoa  3*  aojaXq 
Yioarit  arid’  naaa  lavan  avjsri  I Jiow  airf^  to\  anoXJjstfa  novas 
Jno  l>ariiow  x^Xx/laxso  naacf  ajsri  JX  t&d$  bn&tarabnu  iud 

. noXfroafraG  bauoB  asaaAjzofcfsjB  (b) 
ariJ  aiariw  aXsto*!  voaaaloi*!  lo  ^ToJJModaX  adJ  JbaJXaXv  X 
xariT  . Jjjo  X>oXttbo  sjsw  aanoriqoaa  no  noX^agXXaovnX  XanX^Xio 
jjmoijjQ  ariri  ££  aJb.sm  ©law  j'^rf j-  enoXJjBaXJaavnX  Oiiuee  ari£  aJbJBm  Jbsri 
.anoXaxrXonoo  ©maa  add-  Jjb  bavXaxa  XjBienag  nX  bos  ab'i&bastQ  to 
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PART  II.  INVESTIGATIONS  OF  THE  SUB- 
MARINE MINES 

At  the  request  of  Admiral  Strauss  in  command  of  a 
mine  sweeping  force  I visited  the  mine  sweeping  fleet  whioh 
is  based  at  Kirkwell,  Orkney  Islands.  The  particular  prob- 
lem on  which  I was  asked  to  give  advice  was  concerning  the 
explosion  of  a mine  which  came  in  contact  with  the  sweep 
wire.  A device  which  protects  a ship  against  the  mines 
which  have  been  planted,  in  the  North  Sea  has  been  designed 
by  Lieutenant  Nichols,  and  is  working  satisfactorily.  This 
device  consists  in  making  the  ship  of  positive  potential  so  4 
that  when  the  mine  strikes  the  ship  a current  is  sent  through 
the  firing  device  of  the  mine  in  the  opposite  direction  from 
that  which  is  produced  by  the  sea  battery.  As  a polarized 
relay  is  used  in  the  mine,  the  mine  will  not  fire  if  the 
current  is  sufficiently  large. 

To  produce  the  necessary  positive  potential  on  the 
ship,  the  hull  of  the  ship  is  directly  connected  to  the 
positive  pole  of  a generator  capable  of  developing  at  least 
200  amperes.  The  negative  pole  of  the  generator  is  connected 
through  a resistance  to  the  insulated  cable  of  No.  0 copper 
wire.  This  cable  is  about  600  feet  long  and  is  bare  for  a 
distance  of  10  to  12  feet.  It  is  allowed  to  trail  behind 
the  vessel  with  the  bare  portion  at  the  end  farthest  from 
the  vessel.  When  150. amperes  flows  in  the  protective  wire, 
the  voltage  drop  in  the  protective  wire,  and  the  sea  water 
return,  is  about  20  volts.  The  remainder  of  the  potential 
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-fioiq  laXnoidusq  ariT  . efcnalel  yenliO  tXXawiii3  da  beaad  ai 
arid  snimaonoo  aaw  ao iv&a  ©vis  od  Jbe^aa  aaw  I rfoirfw  no  mal 
qeawa  arid  rfdiw  doadnoo  at  araao  rfoirfw  ©nim  a to  noieolqxa 
aaniffl  arid  deniaga  qiria  a edoadoiq  rfoirfw  aoivaJb  A . aiiw 
fcansiaaJb  naatf  earl  aa8  ridiolff  erfd  at  £>adnaXq  naacf  evarf  rfoirfw 
airfT  . yXixodoateidae  gnitfiow  ei  tna  taXorfoitf  dnanadneiJ  ycf 
4 oa  Xaidnadoq  avidiaoq  to  qirfa  arid  gniiam  at  edaianoo  aoivaJb 
rfgx/oirfd  dn©8  a t taarruo  a qirfa  arid-  aaiiida  anim  erfd  neriw  darfd 
moil  noidoeiiJb  adiaoqqo  erfd  at  anim  arid-  to  aoivaJb  gniiit  arid 
fcasiiaXoq  <£  aA  .yiaddacf  aaa  arid-  ycf  Jbaox/Jboiq  ai  rfoiriw  darfd 
arid  ti  aiit  d-orr  Iliw  anim  arid"  tanim  arid  at  Jbea is  ai  yaXex 

. agiaX  yidneioittua  ai  dnetiuo 
arid  no  Xaidnadoq  ewidiaoq  yiseeaoen  arid  aoiriboiq  oT 
arid  od  Jbadoannoo  yXdoaxiJb  ai  qirfa  arid  to  Hud  arid  t qirfa 
daaaX  da  gniqoIavaJb  to  aXcfaqao  lodaianeg  a to  aloq  avidieoq 
badoannoo  ei  xodasanag  arid  to  aloq  avidagan  ariT  . aaiaqma  00  S 
laqqoo  0 . off  to  aXcfao  JbadaXuani  arid  od  aonadaiaax  a rfguosrfd 
a not  a rad  at  baa  gnoX  da  at  008  dnocTa  ai  aXcfao  airfT  . aiiw 
fcnirfecf  Xiaid  od  fcewoXXa  ai  dl  .deal  SX  od  OX  to  aooBdeiJb 
moit  daerfdiat  Jbna  arid  da  noidioq  aiarf  arid  rfdiw  Xaaaav  arid 
teiiw  avidoadoiq  arid  at  awoXt  aaiaqma  OSX  nerfW  .Xaaaav  arid 
ladaw  aaa  arid  Jbna  (aiiw  avidoadoiq  arid  ni  qoxb  agadXov  arid 
Xaidnadoq  arid  to  lefcniamax  ariT  . adXov  OS  dnocfa  ai  tnix/dai 
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must  be  taken  Gare  of  by  the  regulating  resistance. 

Experiments  show  that  the  arrangement  described  above 
protects  the  ship;  that  is,  if  the  antenna  of  a mine  comes 
in  contact  with  the  ship,  the  mine  will  not  explode.  It 
was  the  desire  of  Admiral  Strauss  to  extend  this  method  so 
that  the  kite  wire,  kite,  and  if  possible  the  sweep  wire, 

r 

would  also  be  protected.  If  a steel  wire  is  connected  di- 
rectly to  the  ship  so  that  it  is  the  same  potential  as  the 
ship,  it  was  found  that  by  increasing  the  current  in  the 
protedtive  device  by  about  ZQjo  the  ship  would  have  the 
same  protection  as  in  the  first  place.  However,  measure- 
ments of  potential  along  the  sweep  wire  show  that  the 
potential  dropped  very  rapidly  after  the  wire  entered  the 
water  so  that  within  a comparatively  few  feet  the  poten- 
tial was  so  low  that  if  the  antenna  of  the  mine  came  in 
contact  with  the  wire,  the  mine  would  be  fixed.  This  at 
first  seemed  very  difficult  to  explain  since  it  is  possible 
to  protect  a large  vessel  having  a very  large  exposed  sur- 
face yet  is  unable  to  protect  a sweep  wire  having  a very 
small  surface.  It  is  explainable  when  it  is  considered 
that  when  dealing  with  bodies  immersed  in  a conducting 
medium  the  amount  of  current  which  leaves  an  object  de- 
pends not  only  on  the  surface  but  also  on  the  shape  of 
the  surface . The  comparatively  small  radius  of  sweep 
wire  permits  a large  amount  of  current  to  be  conducted 
from  the  wire  into  the  water,  hence  producing  a rapid 
drop  of  potential  along  the  wire. 
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gnidouJbnoo  a ni  JbeaTOxami  a©ii>od  ddiw  gnilaei)  n©dw  dadd 
-of)  dos  (;cfd  na  aovaol  doidw  dneTTuo  lo  dnnoma  ©dd  aitfiJ&era 
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Since  it  was  not  possible  to  protect  a bare  wire 
electrically , consideration  was  given  to  other  methods 
which  might  protect  the  kite  wire.  If  the  kite  wire  is 
insulated,  small  breaks  in  the  insulation  will  not  be 
dangerous,  since  small  portions  of  the  wire  may  be  pro- 
teoted  by  means  of  an  electrical  protecting  device.  The 
insulated  kite  wire  which  was  on  hand  in  the  fleet  was  not 
satisfactory  since  it  crushed  badly  on  being  reeled  in. 

Some  experiments  were  made  to  determine  whether  it  would 

J 

be  possible  to  insulate  a wire  by  the  use  of  canvas  and 
an  insulating  varnish.  It  is  believed  that  this  is  possible 
but  further  experiments  will  be  necessary. 

If  a manilla  hawser  is  used  for  the  kite  wire,  there 

# 

is  no  danger  of  the  mine  exploding  if  it  comes  in  contact 
with  this  hawser.  There  have  been  some  difficulties  in 
that  the  hawser  is  likely  to  be  cut  by  the  antenna  of  the 
mine.  However,  this  difficulty  did  not  seem  to  be  as 

serious  as  the  difficulties  which  resulted  from  an  attempt 

■ 

to  use  an  insulated  kite  wire.  Hence,  it  was  recommended 
that  the  hawser  continue  to  be  used  for  the  kite  wire  until 
a satisfactory  cable  has  been  developed. 
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